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Summary 
 In the Vietnamese Mekong Delta, rice production is important for the socio-
economic development. Continuous paddy rice cultivation with three rice crops per 
year is the major cropping system. However, farmers are currently confronted with 
problems of declining land productivity. A declining trend in rice yield has been 
exhibited over recent years, despite the efforts of farmers to increase rice yield by 
applying chemical fertilizer even above recommended rates. We hypothesized that 
the yield decline was associated with a decline in soil quality resulting from the 
specific tillage operations and the continuous anaerobic conditions that are 
characteristic for continuous paddy rice cultivation in monocultures. This study was 
carried out in order to test alternative cropping systems that might contribute to 
improve soil quality and thus mitigate the negative effects of the present rice 
monoculture practices on soil quality, conserve the natural land resources and 
support sustainable agricultural production in this area. The overall objective of this 
dissertation was to evaluate the effects of different cropping systems with different 
rotations of rice with upland crops on physical and chemical properties of an 
alluvial paddy clay soil in a long-term field experiment. In addition, the effect of 
rotating rice with upland crops on rice yield components, and economic 
profitability was investigated to better understand and evaluate the sustainability of 
the new cropping systems in the Mekong Delta, Vietnam.  
    The experimental field had been intensively used for rice monoculture for more 
than 30 years, prior to our study. A long-term rice-upland crop rotational field 
experiment was then conducted using a randomized complete block design with 
four cropping systems and four replications. The cropping systems were: (i) 
traditional intensive rice monoculture with three rice crops per year (designated as 
R-R-R), (ii) rotation with two rice crops and maize (designated as R-M-R), (iii) 
rotation with two rice crops and mung bean (designated as R-Mb-R) and (iv) 
rotation with one rice and two upland crops - mung bean and maize (designated as 
R-Mb-M).  
    Additionally, a farm household survey was conducted among farmers, in which 
information on household characteristics, farm cropping activities, farm production 
practices and performance and household income was collected. Four types of 
xx 
 
farming practices were observed, one based on traditional rice monoculture with 
three rice crops per year (RRR), one based on a crop rotation with two rice crops 
and one upland crop (RUR), one based on a crop rotation with one rice and two 
upland crops (RUU), and a fourth based on upland crop monocultures (UUU). 
    Results show significant improvement in soil physical and chemical properties 
for cropping systems with two rice crops and one upland crop (R-M-R and R-Mb-
R) and those with one rice crop and two upland crops (R-Mb-M) compared to 
intensive rice monoculture (R-R-R). This was translated in decreased bulk density 
and soil penetration resistance, increased soil organic carbon content, a presumed 
hydrolysable labile carbon fraction and total porosity, and higher aggregate stability 
index, plant available water capacity and Dexter’s S index, especially at depths of 
10-20 and 20-30 cm. Improvements in soil properties were not only observed at the 
end of the spring-summer season (dry season) during which upland crops were 
cultivated in the rotations with upland crops, but also in the winter-spring season 
(late wet season) when rice was cultivated on the plots of all treatments. As a 
consequence, rice rooting depth and root mass density strongly increased in all rice-
upland rotation systems. This resulted in a higher plant height, total number of 
tillers and panicles, filled grain percentage and a rice yield that was 32–36% higher 
compared to the control. Farmer’s profitability even increased 2.5 to 2.9 times. 
Rotations of rice with upland crops yielded higher gross return due to higher rice 
yield and good prices for mung bean and maize, though they came with higher total 
costs, primarily due to land preparation and harvest.  
    Our findings show that rice growth and yield was dependent on rice root growth, 
which was affected by soil compaction as reflected by bulk density, porosity, 
penetration resistance, macro-porosity, aggregate stability index, soil organic 
matter decomposition degree (i.e., Chydrolysable) and soil organic carbon content of 
the compacted layer (20-30 cm depth) but not by soil organic carbon stocks (0-30 
cm). Alleviating soil compaction as in the rice-upland crop rotation made an 
important contribution to increasing rice root growth. Rooting zone stocks of 
almost all macro, meso (N, P, K, Ca, Mg, S) and micro nutrients (Mn, Fe, Si, Cu, 
B, Ni, Zn) were higher in rice-upland crop rotation systems compared to rice 
monoculture system, which also explained the higher yields. We found relations 
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between rice yield and nutrition available stocks through enhanced rooting depth. 
With root growth being determined by physical soil quality, the latter thus 
indirectly affect yield as well.  
    The positive effects of rice-upland crop rotation systems on soil quality are 
linked with deep tillage when preparing the land for upland crop cultivation and 
anaerobic-aerobic cycles. This results in alleviation of soil compaction and 
promotes soil organic carbon decomposition, hence increasing rooting depth and 
root mass density and therefore enhancing rice yield by increasing the amount of 
available nutrients. Although soil properties and rice yield were affected by the 
cropping systems, we did not find significant differences in soil quality, and in rice 
growth and yield between the two types of upland crops, i.e. the non-leguminous 
maize and the leguminous mung bean, nor between rotation systems with one or 
two upland crops. 
    Results show that temporal variability of soil bulk density, macro-porosity and 
matrix porosity within both seasons and between seasons was limited for cropping 
systems with upland crop rotations, whereas within season variation was significant 
for the rice monoculture system, especially at 0-10 cm depth. The stronger increase 
in bulk density and decline in macro-porosity and field saturated hydraulic 
conductivity from the early stage of the cropping season (15 days after soil 
preparation - DASP) towards the middle and the end of the season (45 and 90 
DASP) in rice monoculture systems as compared to rice-upland crop rotations 
could be associated with aggregates being less stable as reflected by their lower soil 
aggregate stability index. The field saturated hydraulic conductivity of the topsoil 
showed great temporal variability, both seasonal and inter-seasonal, in 
correspondence with macro-porosity. 
    The findings from our long-term field experiment were supported by the data 
collected during the interviews with the farmers. On farmers’ fields, rice rotated 
with one or two crops (RUR or RUU) also gave higher rice yields than a rice 
monoculture system (RRR). The rice yield in the last five years increased when 
rotations with upland crops were implemented, which strongly contrasted with the 
rice yield under rice monoculture system. The benefit-cost ratio was also higher in 
the rice-upland crop systems (RUR and RUU) or upland crop monoculture (UUU) 
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than in the prevailing rice monoculture. Interestingly, farmers applied less fertilizer 
for rice production in RUR and RUU compared to RRR. The survey revealed that 
many farmers had a tendency to apply too much nitrogen as a way to compensate 
for the reduced rice growth due to land degradation in RRR. The major challenge in 
implementation of upland crop production as revealed by farmers was lack of 
capital investment, low level of technological skills and an unfavorable marketing 
system. 
    Most of the tested soil properties in the farmers’ fields showed significant 
differences among cropping systems. Rotations with upland crops (RUR and RUU) 
and upland crop monocultures (UUU) alleviated soil compaction, resulting in 
reduced penetration resistance and bulk density and increased total and macro-
porosity at 20-30 cm depth, confirming the outcomes of the long-term field 
experiment. Also aggregate stability index and plant available water capacity were 
higher for RUR, RUU and UUU at the 20-30 cm depth as compared to RRR. The 
SOC stock was significantly affected by the cropping system with the lowest value 
in UUU, whereas, Chydrolysable was greater in rice-upland crop systems (RUR and 
RUU) or upland crop monocultures (UUU) than rice monocultures (RRR). 
    Taken all together, the results from both the long-term field experiments and the 
farmer’s fields confirm that rice-upland crop systems can help in alleviating soil 
degradation resulting from continuous mono cultivation systems. These alternative 
systems resulted in changes in soil physical and chemical properties. Those changes 
were concomitant with changes in rice growth and rice yield. However, without 
carefully planning and connection to the market there is a potential risk for market 
over supply of upland crop products. The results of this dissertation showed that 
rice and upland crop rotations coupled with appropriate tillage are soil-improving 
cropping systems that need to receive more attention in the Mekong Delta in order 
to cope with soil degradation that was observed in continuous paddy monoculture 
areas. It is believed that soil-improving cropping systems with upland crop-rice 
rotations not only help farmers to increase their income, but also contribute to rural 
development and sustainable agriculture. 
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1.1. Soil-improving cropping systems and crop production 
1.1.1 The role of soil-improving cropping systems in alleviation soil degradation 
Soil degradation is the decline in soil quality or reduction in soil productivity and 
environmental capacity. The loss of actual or potential soil productivity can result 
from the impact of natural or anthropogenic factors (Lal, 1997; Lal and Stewart, 
1990; Lal et al., 2007), including crop intensification and unsuitable agricultural 
practices (Ramos et al., 2011). Soil degradation can be physical, chemical or 
biological. Among these classes, physical soil degradation is likely the most 
difficult to reverse. Bradford and Peterson (2000) indicated that the major benefits 
of soil-improving cropping systems such as conservation agriculture can be 
assessed only after they have been in place for a decade or more.  
1.1.2 Soil compaction: deterioration of soil quality 
Soil compaction has been identified as one of the leading problems inducing soil 
degradation (Canillas and Salokhe, 2002) with dramatic effects on soil functions 
(Schjønning et al., 2013). It is defined by the Soil Science Society of America 
(1996) as “the process, by which the soil grains are rearranged to decrease void 
space and bring them into closer contact with one another, thereby increasing the 
bulk density”. Van den Akker and Soane (2005) defined compaction as “a process 
of densification and distortion in which total and air-filled porosity and 
permeability are reduced, strength is increased, soil structure partly destroyed, and 
many changes are induced in the soil fabric and in various characteristics”.  
Nowadays, soil compaction in agricultural soils can be found in a wide range of 
soils and climates and thus is an increasingly challenging worldwide problem for 
crop production and environment (Van Ouwerkerk and Soane, 1994; Soane and 
Van Ouwerkerk, 1995; Mosaddeghi et al., 2000; McGarry, 2001; Hamza and 
Anderson, 2005; Batey, 2009). Indeed, compaction can have a combined impact of 
decreased water storage, through the loss of soil porosity, and decreased root 
growth, through an increase in soil bulk density and soil strength (Arvidsson, 2001; 
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Ishaq et al., 2001a; Whitmore et al., 2010). Another important process of soil 
compaction is decline in soil structure. Thomaz and Luiz (2012) stated that 
weakness of soil structures causes an increase in particle detachment, crust 
formation and runoff. Moreover, soil compaction also affects some important 
factors such as mineralization of soil organic carbon and nitrogen (De Neve and 
Hofman, 2000), the concentration of carbon dioxide in the soil (Conlin and van den 
Driessche, 2000) as well as diffusion rate of heat (Usowicz et al., 1995) or air and 
water transport (Berisso et al., 2013). 
    Several studies stated that most of the soil compaction in agricultural soils is 
caused by the heavy load from farm machinery traffic, which is an integral part of 
soil management systems. This results in deeper stress penetration and subsoil 
compaction (Van den Akker and Stuiver, 1989). It impacts soil aggregates by 
altering the spatial arrangement, size and shape of clods and aggregates and 
consequently the pore spaces both inside and between these units (Defossez and 
Richard, 2002). This leads to soil degradation and makes considerable damage to 
the structure of the tilled soil and subsoil (Defossez and Richard, 2002; Horn, 2002; 
Horn and Fleige, 2003; Peth et al., 2006; Zink et al., 2011; Suzuki et al., 2013). 
Such inappropriate soil management practices create a hardpan and are some of the 
reasons behind low crop yield. The depth of the compaction layer varies widely 
from 10-60 cm for upland field (Flowers and Lal, 1998) and from 10-50 cm for 
paddy field (Khoa, 2002) depending on soil management. 
    In addition, soil tillage in intensive farming areas has to be performed frequently, 
increasing the probability of land preparation when the soil is wet which also 
promotes soil compaction (Poesse, 1992) and as a result affects plant growth 
(Dexter, 1999). According to Soane and Van Ouwerkerk (1994), soil water content 
is the most important factor influencing soil compaction processes. Tillage at 
excessive soil water content exacerbates the compaction process. Indeed, increasing 
soil moisture content causes a reduction in load support capacity of the soil (Kondo 
and Dias Junior, 1999) thus decreasing the permissible ground pressure (Medvedev 
and Cybulko, 1995). Soil type also influences soil compaction. Ellies et al. (2000) 
reported that in soil with coarse texture, the dominant penetration of stress was in 
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the vertical direction, while in soil with a finer texture stress propagation was 
multidirectional. 
    Soil compaction in situ can originate from natural soil processes, farming 
systems, tillage practices, human activities and time. Soils with high clay content 
typical of wetlands and river bottoms can become readily compacted by natural 
processes. Since individual clay particles are so small, they are more susceptible of 
being pressed together tightly. Subsurface hardpans also develop from precipitation 
of iron, manganese and silicon (Sharma and De Datta, 1985a). Generally, soil 
compaction is considered as a function of soil bulk density, soil porosity, soil 
strength and soil moisture content (Suzuki et al., 2013). Therefore, for the 
assessment of changes in soil fabric due to compaction, soil bulk density, soil 
strength, water and structural measurements are widely used to characterize the 
state of soil compactness and assess the soil quality after compaction (Canarache, 
1991; Panayiotopoulos et al., 1994; Guerif, 1994; Horn and Rostek, 2000; 
McQueen and Shepherd, 2002; Hamza and Anderson, 2003; Sudduth et al., 2008). 
1.1.3 Plant response to soil compaction 
Soil compaction displays both positive and negative effects on plant growth 
according to the degree of compaction. One striking effect of soil compaction on 
plant growth is that it can promote a good seed and soil contact, resulting in faster 
germination; also plants can more easily take up nutrients and water in soil. 
Furthermore, soil compaction can decrease water loss by evaporation. In fine 
textured soils, a bulk density of 0.9-1.2 Mg m
-3
 is generally favorable for root 
growth and crop production (Reynolds et al., 2003; Reynolds et al., 2007). 
Commonly, for fine-textured soils, bulk density values of 1.25 to 1.30 Mg m
-3
 are 
considered as the upper limits for agricultural purposes (Reynolds et al., 2007). In 
acid sulfate soils, a compacted soil layer might prevent capillary rise from the 
underlying sulfuric subsoil horizons of toxic acidity levels to the soil surface (Ni 
and Hanhart, 1992).  
    Some disadvantages of soil compaction, however, are also intrinsic to crop 
cultivation. Surely, soil compaction increases soil strength and decreases soil 
physical fertility through decreasing storage and supply of water and nutrients, 
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which lead to additional fertilizer requirement and increasing production cost. 
Moreover, compacted soil may restrict root growth. According to Lipiec et al. 
(1991) crop yield decreases in over-compacted soils are mostly associated with the 
extent and function of the root system. A common response of the root system to 
increasing compaction levels is decreased root size, retarded root penetration and 
smaller rooting depth (Glin’ski and Lipiec, 1990). Decreased downward extension 
of roots can result in less water and nutrient uptakes due to reduced volume of soil 
exploitable by the crop (Glin’ski and Lipiec, 1990; Miransari et al., 2009). 
Andersen et al. (2013) estimated that subsoil compaction reduced the soil water 
available in the root-zone by up to approximately 9 cm of water. A second 
detrimental sequence then occurs of reduced rooting depth and plant growth 
leading to lower inputs of fresh organic matter to the soil, thereby reducing nutrient 
recycling, mineralization and microbial activity (Hamza and Anderson, 2005). 
    A high degree of compaction can have an adverse effect on crop yields, 
depending on the kind of crop. Arvidsson and Håkansson (2014) found that for 
barley moderate compaction even led crop yield to increase significantly compared 
with zero trafficking and previously loosened soil. Annual dicotyledonous crop 
roots are the most sensitive to soil compaction. They observed the greatest yield 
losses associated with soil compaction for horse bean, peas, potato and sugar beet 
whereas compaction in reduced tillage did not result in severe reduction of yield for 
cereals (wheat, barley, oats). Ni (1995) reported that for clay soil, a BD value 
higher than 1.35 Mg m
-3
 entails susceptibility to compaction of the paddy subsoil 
layer which leads to limited root elongation and reduced rice yield.  
    Generally, plant roots cannot penetrate in very compacted soils. The inability of 
plant roots to penetrate compacted soil layers is well documented in the literature 
(Kirkegaard et al., 1992; Venezia et al., 1995; Laker, 2001). Root penetration is 
restricted as soil strength increases (Mason et al., 1988). Generally, root penetration 
is severely restricted at >2 MPa (Silva et al., 2000) and ceases entirely with a soil 
strength higher than 2.5 MPa (Taylor, 1971). The crop yield can only approach the 
yield potential on uncompacted soil, which can require at least two to seven years 
of recovery efforts after soil compaction. Slower yield recovery commonly occurs 
on soils which are higher in clay content (Swan et al, 1987). 
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1.1.4 Solutions for soil compaction problems 
There are many ways to control soil compaction, such as addition of organic 
matter, controlled traffic, mechanical loosening like deep ripping, and selecting 
rotations which include crops with strong tap root able to penetrate and break down 
compacted soil (Hamza and Anderson, 2005; Schjønning et al., 2015). Indeed, roots 
of different crop species, as well as of cultivars within species, differ considerably 
in their ability to penetrate through hard soil layers (Singh and Sainju, 1998). Plant 
species that have the capability to penetrate soils with high strength usually possess 
a deep tap root system. Incorporating such species in the rotation is desirable to 
minimize the risks of subsoil compaction (Ishaq et al., 2001b). Their response is 
related to the ability of the root system to overcome the soil strength limitation of 
compacted soil (Kirkegaard et al., 1992). In an experimentally compacted soil, 
Chen and Weil (2010) found that two tap-rooted cover crop species in the Brassicas 
family had more root biomass at the 15-50 cm depth than did a fibrous-rooted 
species (cereal rye). Schjønning et al. (2015) reported that tap-rooted species may 
have the potential to alleviate compacted soil by creating or perhaps by enlarging 
existing vertical bio-pores. 
     Additionally, Cochrane and Aylmore (1994) reported that legumes are more 
effective for stabilizing soil structure than are non-legumes. Indeed, some legume 
species (especially lupines) are able to grow in compacted soil and loosen 
compaction through their diurnal changes in root diameter. This was confirmed by 
Alam (2010), who noticed that crop production could be increased by selecting 
suitable crops in the cropping pattern, including leguminous crops. Ahmad et al. 
(2010) reported that inclusion of upland crops, especially legumes, in crop rotations 
would help to restore the soil natural fertility and crop productivity. Rotations with 
legume crops can increase soil nitrogen availability for the cereal crop through 
symbiotic N2-fixation by the legume (Pierce and Rice, 1988) and improved 
nitrogen use efficiency (Lassaletta et al., 2014; Anglade et al., 2015). Rotations 
with these crops minimize the risk on subsoil compaction and improve soil 
structure. Moreover, crop rotation is known to have a beneficial influence on many 
soil chemical properties including organic carbon, nitrogen supply, pH and 
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availability of phosphorus, potassium, calcium, magnesium (Power, 1990; Godsey 
et al., 2007). 
    Soil organic matter plays a key role in soil aggregation and structuring processes, 
and has an influence on soil chemical as well as hydro-physical functions (Horn 
and Smucker, 2005). However, most soils are not in balance as regards soil organic 
matter contents, as they have been affected by land management practices and land 
use (Smith et al., 2005). Adding organic matter to the topsoil for improving soil 
bulk density and porosity has been widely studied by many researchers (Soane, 
1990; Ohu et al., 1994; Hamza and Anderson, 2003; Watanabe et al., 2009). Kumar 
et al. (2009) found that the susceptibility of soils to compaction was reduced when 
organic carbon levels were elevated. Nevertheless, using organic matter to improve 
subsoil compaction is less common. The reason behind this is technical and 
economical, especially in paddy soils. In flooding paddy rice soil, soil organic 
matter content is already high, and therefore the type of organic matter is more 
important. On the other hand, readily oxidizable soil organic matter seems to be 
more relevant than total organic matter in determining mechanical behavior of the 
soil (Ball et al., 2000). 
    Deep soil preparation is one of the most important practices for eliminating soil 
compaction, destroying hard pans and eliminating crusting soils (Laker, 2001; 
Torella et al., 2001; Hamza and Anderson 2002). It has become a common 
management technique used to shatter dense subsurface soil horizons which limit 
percolation of water and penetration of roots (Bateman and Chanasyk, 2001). 
However, Schafer-Landefeld et al. (2004) observed that if a plow pan is 
mechanically loosened, it can lead to serious re-compaction. Hallett et al. (2012) 
reviewed the literature and also emphasized the importance of avoiding re-
compaction. 
    To evaluate soil sensitivity to compaction for decision making, different models 
have been developed, e.g., by Horn et al. (2005) and Van den Akker (2004), who 
used a more deterministic approach to assess compaction risk by comparing 
calculated strengths of a series of soils with stresses exerted by a wheel load. In 
addition, Peth et al. (2010), Berisso et al. (2012) and Keller et al. (2012) 
investigated the consequences of deformation for the soil pore system, the gas and 
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liquid transport in disturbed soils, including theoretical approaches (modeling) and 
empirical findings. Hence, understanding of the changes in soil compaction with 
changes in water content and bulk density is necessary in planning farm operations 
at suitable water contents (Arvidsson et al., 2003; Saffih-Hdadi et al., 2009), or in 
reducing the soil bulk density by applying soil organic matter or appropriate soil 
tillage (Horn and Smucker, 2005; Hamza and Anderson, 2005; Kumar et al., 2009). 
1.2 Rice production and its effect on soil properties 
1.2.1 Rice production in the world 
Rice (Oryza sativa L.) is the most important staple crop for more than half of the 
world’s population (Juliano, 1993, IRRI, 2006). It provides more calories per 
hectare than any other cereal crop (Singh, 2003) and serves as a primary source of 
energy for Asian populations (Mandal et al., 2014). Rice is cultivated in at least 114 
countries with about 160 million hectare of land globally (FAOSTAT, 2013) that is 
cultivated in different ways and to different degrees of intensification. Rice 
production in Asia makes a major contribution to the global rice supply (Cassman 
and Pingali, 1995; Sahrawat 2005). In 2010, approximately 159 million ha were 
harvested worldwide, of which 137 million ha (86%) were in Asia, and 48 million 
ha (30%) were harvested in Southeast Asia only (FAOSTAT, 2012). Equally, rice 
plays important roles in providing livelihood to the Asian population (Mahapatra 
and Behera, 2011). Indeed, rice production activities provide employment and 
generate incomes for several hundred millions people in rural areas who work 
directly either in rice production or in related support services. In addition, post-
harvest operations such as threshing, drying, milling, storing, processing and 
trading of rice also provide employment for numerous people, particularly in 
developing countries. Furthermore, rice farming produces straw and husk residues, 
which are used as renewable energy sources, compost, animal feed, and 
construction materials; rice production systems also play a role in carbon 
sequestration (Dat, 1999). Therefore, sustaining rice production is essential for food 
security and socio-economic development for many countries in the world as well 
as in Vietnam.  
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1.2.2 Lowland rice requires a lot of water 
Rice is the most productive cereal growing on land at an elevation of sea level to 
2,700 m (Sys, 1985) and is the only cereal that can germinate and thrives in water. 
Surely, rice is the largest consumer of irrigation water (Tuong et al., 2005), with 
25-33% of the world’s fresh water being used for irrigation exclusively in rice 
cultivation. It is grown in fields surrounded by earthen levees to retain rain and 
irrigation water and to ensure soil submergence during the rice cropping period 
(Pampolino et al., 2008). Rice can be transplanted or directly seeded. Direct 
seeding under irrigation is the most common form in Europe, Australia and 
America (Hill et al., 1991) and Vietnam (Xuan and Matsui, 1998). 
    For flooded paddy cultivation, the field must be leveled to control floodwater 
and to maintain uniform field water depth. For irrigated intensive rice farming, the 
slope of the land should be less than 1% so that a uniform water depth can be 
maintained across the field. A slight slope helps equal water distribution in the 
field. Therefore, in order to retain impounded surface water on rice fields, soil must 
have low permeability. The most important soil characteristic for lowland rice 
cultivation is the presence of an imperviable subsoil layer in the form of a hardpan 
or massive clay horizon that minimizes the irrigation water infiltration (Saichuk, 
2009). In the flooded rice systems, a hardpan is not a problem for water availability 
because water is readily available to the plant. However, in the upland rice systems, 
compaction which prevents root growth to deeper soil layers makes rice plants 
more prone to water stress between irrigations.  
1.2.3 Land preparation in rice production and its effect on soil physical 
properties 
Different types of agricultural tools are used in rice farming for initial land 
preparation (Khurshid et al., 2006) to accomplish diking, leveling, tillage, and 
puddling. Diking helps to control runoff and leveling ensures uniform water levels 
in the field which has great impact on rice yield through controlling weeds. 
Preparatory tillage is practiced to create an optimal physical and edaphological soil 
condition for better crop growth and yield (Mohanty et al., 2004). For instance, 
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tillage helps to destroy weeds, incorporate crop residues into soil, prepare the 
seedbed and break hard layers to facilitate root penetration (Prihar, 1990), increase 
surface retention of water capacity (Lal and Stewart, 1990), avoid soil compaction, 
establish good crop stand, and minimize soil degradation (Hillel, 1971). Puddling is 
the most important practice of land preparation for rice. The first step is 
submerging the soil for at least one day. Afterwards, the soil is puddled under wet 
conditions with soil water content at field capacity or saturation. Puddling is 
practiced to provide a soft soil bed for better rice root growth in early stages. Lal et 
al. (2004) showed that the root system of lowland rice develops better in dense, 
submerged and puddled soil. Puddling has been reported to increase rice yield even 
in soils with less than 10 mm day
-1
 permeability. One more striking purpose of 
puddling in paddy fields is that it helps to control weeds which compete with rice 
(Smith, 1983) and can cause reduced yield (Baltazar and De Datta, 1992; Moody, 
1993).  
    However, the conventional method of puddling and tillage with heavy machinery  
also damages the soil and may lead to a decrease in soil physical quality (Mohanty 
et al., 2004; Bertolino et al., 2010), especially when done under wet soil conditions. 
The formation of a thick hardpan in the subsoil below the puddled layer is the main 
long-term effect of puddling on lowland paddy soils. Islam et al. (2005) reported 
that plow pans form in the same profile under both power tiller and plow 
treatments, mostly in rice fields. Similarly, Lima et al. (2009) reported that 
degradation of paddy soils is related to high bulk density and low porosity because 
of poor soil management. Since the production process involves plowing and 
puddling under wet conditions and the soil is also kept submerged and anaerobic 
during the rice crop season, soil aggregates (Tripathi et al., 2005) are dispersed into 
discrete particles and clog pore spaces (Liu et al., 2005; Verma and Dewangan, 
2006). This process could result in increased penetration resistance in the deeper 
soil up to the depth of tillage (Singh et al., 1998) and thus leads to soil compaction 
in the subsoil layer (Tripathi et al., 2005).  
    Besides physical compaction, subsurface hardpans also develop from 
precipitation of iron, manganese and silicon (Sharma and De Datta, 1985a). The 
time for hardpan formation is very variable and depends on soil type, climate, 
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hydrology and puddling frequency. Generally, it may take 3 to 200 years for a 
hardpan to be formed (Moormann and van Breeman, 1978). Compacted layers 
which occur in lowland rice soils are between 10 and 50 cm depth and have higher 
dry bulk density and soil strength, and lower total porosity than the over- and 
underlying soil horizons. Ahmad et al. (2014) also confirmed that wet tillage in rice 
farming leads to soil physical deterioration. The effects of tillage and puddling on 
soil physical properties are strongly determined by soil texture, type of clay 
minerals, soil structure, and the content of soil organic matter and sesquioxides. 
    The presence of a hardpan helps to reduce water losses and limits plant nutrient 
leaching through percolation (Sanchez, 1973; De Datta and Karim, 1974; Reddy 
and Hukkeri, 1980). It is also an obstacle for root penetration to utilize the nutrients 
in subsoil layers and hence leads to poor standing condition for the rice crop if the 
compacted layers are located at a shallower than the normal rooting depth (De 
Datta and Barker, 1978; Greenland, 1985; Khan, 1996). In general, bulk density 
and soil strength of the hardpan are negatively correlated with growth and grain 
yield of rice (Sharma and Datta, 1985b; Hussain et al., 1999; Wickramasinghe, 
2011). Accordingly, the depth and degree of compaction has become an obstacle 
for the deeper rooting systems of upland crops such as maize, beans or other crops 
in rotation with flood irrigated rice (Lima et al., 2002).  
1.2.4 Intensive rice production and its effect on greenhouse gas emissions and 
soil chemical properties  
In submerged and puddled soil, gas exchange between atmosphere and soil is 
severely restricted. Soil submergence causes a decline in soil oxygen concentration 
and an increase in carbon dioxide concentration, due to respiration of rice roots and 
soil biota. However, the normal concentration of CO2 in submerged soil is usually 
non-toxic to rice growth. Rice has aerenchyma cells which transports O2 from 
leaves to roots for root respiration (Jackson and Armstrong, 1999; Colmer, 2003). 
But in the case that the soil receives a high amount of easily decomposable organic 
matter, the CO2 level may become toxic. Additional disadvantages, moreover, are 
also intrinsic to paddy rice cultivation, such as potential pollution hazards for water 
and air, because more rice crops per year can result in heavier pesticide use (Nhan 
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et al., 2002). Literature shows that, in countries with a high chemical fertilizer use, 
paddy fields are considered to be the largest potential non-point source of pollutants 
for water bodies, particularly nitrogen and phosphorus (Kyuma, 2005). Globally, 
flooded paddy fields are the major source of methane emission (Neue et al., 1990). 
Paddy soils are reported to be responsible for ~11% of total annual methane 
emissions (Smith et al., 2007; Forster et al., 2007; Tokida et al., 2011). This 
methane escapes into the atmosphere and contributes to global warming (Maclean 
et al., 2002; FAO, 2004). According to Kyuma (2005) it is imperative that paddy 
rice researchers strive to lessen these local as well as global environmental hazards 
incurred by paddy rice cultivation.  
    In paddy soils, timing of crop residue incorporation and microbial mediated 
redox processes control the soil organic carbon dynamics, which are related to the 
microbial accessibility of carbon (Kader et al., 2013) and hence affect soil physical 
properties such as soil structure and soil porosity. Low rates of soil organic matter 
decomposition and nitrogen mineralization in poorly drained rice fields have been 
observed and are associated with anaerobic soil conditions (Sahrawat, 2004). 
Previous studies on tropical paddy soil have shown that long term rice cultivation 
may increase soil organic matter (Zhang and He, 2004); the soil organic matter 
content can be increased by input of residual root mass, even if all of the 
aboveground biomass is removed at harvest (Sahrawat, 2004; Pampolino et al., 
2008).  
    In triple rice crop systems, fallow periods between crop seasons are short, the 
paddy soil is not allowed to dry and re-oxidize completely. Moreover, large 
amounts of rice crop residues are returned to the field three times per year. It is 
hence likely those years of intensive cropping lead to a decline in the steady-state 
soil redox potential along with a gradual accumulation of reduced substances (iron 
and organic compounds). Consequently, there is a change in qualitative 
composition of soil organic carbon toward more phenolic compounds (Kader, 
2012). These changes may largely influence the biochemical composition of soil 
organic matter and accordingly organic nitrogen. Indeed, Olk et al. (1996) reported 
that rice yield is reduced by a decrease in the indigenous nitrogen supply resulting 
from a change in the chemical properties of soil organic matter owing to continuous 
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flooding, but not by a decrease in soil organic matter and total soil nitrogen. 
Furthermore, intensive cultivation of two and three irrigated rice crops per year 
with the corresponding submergence of soil can promote a buildup of less 
decomposed substances, which becomes incorporated into young soil organic 
matter fractions. This has been associated with reduced nitrogen supplying capacity 
of rice soils (Olk et al., 1996, 2000) and adversely impacting the sustainability of 
rice production (Schmidt-Rohr et al., 2004). Furthermore, Olk et al. (2007) also 
stated that anaerobic decomposition of crop residues in rice rotations inhibit 
nitrogen mineralization compared to aerated decomposition. They suggested 
increasing incorporation of crop residues during the non-submerged period in 
lowland paddy fields, enabling aerobic decomposition of residues to improve the 
soil nitrogen supply. Low redox potentials in flooded rice soils also affect the state 
of micronutrients such as iron (Fe) and manganese (Mn). In the case of iron, 
insoluble ferric iron (Fe
3+
) is reduced to plant available but easily leachable ferrous 
iron (Fe
2+
) through microbial action (Neue and Scharpeseel, 1984). 
    Dobermann and Fairhurst (2000) stated that in intensive rice monoculture 
systems, the recycling of rice straw has a major positive influence on the potassium 
and silicon balance and on the maintenance of soil potassium and silicon status. 
This straw recycling could also reduce total nitrogen fertilizer requirements 
(Cassman et al., 1998). In South Asia, however, large amounts of rice straw are 
often removed from the field or burned to facilitate fast and easy land preparation. 
Hence a negative potassium balance is becoming prominent. Dobermann et al. 
(1995) provided data from 11 sites in China, India, Indonesia and Vietnam; most of 
these showed a negative net potassium balance. Dobermann and Witt (2000) 
observed that about 80% of intensive rice fields in Asia have a negative potassium 
input-output balance, with an average of about -26 kg K ha
-1
 crop
-1
. Si balances are 
also often negative (-150 to -350 kg Si ha
-1
 crop
-1
) in intensive rice systems because 
application of Si is not common and rice straw is removed (Dobermann and Witt, 
2000). Moreover, continuous intensive rice cropping promotes high levels of 
nutrient extraction from soils without natural replenishment hence causing soil 
nutrient deficiency (Cassman et al., 1995).  
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    Promotion of crop pests, increased disease pressure and the potential build up of 
soil pathogen populations due to long-term intensive monoculture (Sumner and 
Boosalis, 1981) are also constraints to sustaining high yield in intensive rice 
systems. Nhan et al. (2002) reported that in triple rice cropping farmers applied two 
times more herbicides and insecticides and three times more fungicides than in 
double rice cropping. 
    Besides its negative effect, growing rice in submerged soil has a great 
ameliorative effect on chemical fertility such as higher natural supply of bases and 
silica, higher phosphorus availability, detoxification of excessive nutrients and 
agrochemicals, relative ease of weeding, and carbon sequestration (Dobermann and 
Witt, 2000; Kyuma 2004). Further, the constant submergence also influences soil 
pH. The important change upon submerging a soil is bringing soil pH into the 
neutral range. Sahrawat (2005) showed that in the redox reaction ferric iron (from 
amorphous ferric hydroxides) serves as an electron acceptor and organic matter 
(CH2O) as the electron donor. This reaction results in the neutralization of acidity 
and increase in pH: 
 Fe2O3 + 1/2CH2O + 4H
+
 → 2Fe2+ + 5/2H2O + 1/2O2  (1) 
However, as discussed by Sahrawat (2005) a decrease in pH for alkali or calcareous 
soils is the result of accumulation of carbon dioxide in flooded soil, which helps in 
neutralizing alkalinity: 
CO2 + H2O → H2CO3                                                    (2) 
H2CO3 → H
+
 + HCO3
-
                                                   (3) 
    Overall, the rice yield potential is usually determined only by varietal 
characteristics and the seasonal pattern of environmental variables such as 
temperature and radiation (e.g., Kropff et al., 1994). However, attainable yield is 
generally considerably lower, because for part or even all of the growing season, 
rice growth is restricted by shortages of water and/or nutrients (Rabbinge, 1993), 
soil constraints (Casanova et al., 1999) or other factors such as diseases, pests and 
weeds. Comparative analysis shows that the efficiency of fertilizer and pesticide 
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investments is lower in triple-cropped rice than in double-cropped rice. These 
findings imply that rice intensification with more crops per year and higher agro-
chemical investments are not the best economic option (UNEP, 2005). This 
economic disincentive is progressively worsening because declining soil resources 
and increasing labor cost has threatened the sustainability of conventional rice 
production systems. 
1.3 Rice-upland crop rotation as solution for soil resources conservation 
Soil quality is best defined in relation to the functions that soils perform in natural 
and agroecosystems. The quality of soil resources has historically been closely 
related to soil productivity (Hillel, 1991), although nowadays the concept of soil 
quality has been extended and relates now to the capacity of soil to function in 
support of the important ecosystem services needed to sustain productivity and 
maintain environmental quality (Karlen et al., 2001). The physical, chemical and 
biological characteristics of different soils vary a great deal, so that different soils 
are suited to different uses. Where a soil’s characteristic match those needed for its 
current use, we can say that soil is of good quality. The measure of quality thus 
relates to several aspects of a soil: its chemical condition, i.e., its fertility including 
the amount of humus (organic matter); its physical condition, for example, whether 
it has become compacted; and its biological condition, i.e., whether it contains 
beneficial soil life, such as bacteria and earthworms.  
    The soil conditions required to sustain rice growth differ from those required by 
upland crops. Indeed, soil is puddled before rice sowing and kept flooded to create 
anaerobic conditions for rice growth. Contrariwise, upland crops are grown in well-
drained soils under aerobic conditions. Puddling creates a plow layer that reduces 
water percolation losses and enhances the water and nutrient use efficiency of rice 
(Mousavi et al., 2009). However, puddling deteriorates soil physical properties 
forming hardpans at shallow depth that are conceived to have negative effects on 
the following upland crop (Gathala et al., 2011) and potentially on the following 
rice crop. To mitigate negative effects on soil quality of the present cultivation 
practices inherent to intensive mono culture rice, rice rotation with upland crops 
has been proposed. In fact, crop rotation in rice monoculture systems is a feasible 
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alternative strategy to control unfavorable aspects, diversifying agricultural 
production and improving soil characteristics as well (Lima et al., 2002). The rice-
upland crop rotation is the most important agricultural production system in India, 
China, Bangladesh (Timsina and Connor, 2001), especially the rice-wheat rotation 
system (Fan et al., 2008). 
    Rice-upland rotation could change the soil properties of long-term flooded 
paddy. The positive effect of crop rotation on the soil bacterial community structure 
and rice yield has recently been reported by Xuan et al. (2012). Other studies 
evaluating long-term crop residue additions with various tillage treatments have 
shown favorable modification of soil physical properties in typical rice soils 
(Bhagat et al., 1994; Sharma et al., 1995; Mohanty et al., 2007). It is now evident 
that crop rotation increases yield and that this practice promotes sustainable 
agriculture (Mandal et al., 2014; Filizadeh et al., 2007), because excessive and 
unnecessary tillage and puddling operations are limited in upland crop season(s). 
Accordingly, physical properties of long-term flooded paddy soil such as soil 
structure and capillary porosity can be changed by the rice-upland crop rotation 
practice (Zhou et al., 2014).  
    Rotation of upland crops and rice with its flooded soils brings a transition in soil 
aeration status from anaerobic to aerobic and back to anaerobic. The frequent 
cycling between anaerobic and aerobic condition results in a greater rate of soil 
organic carbon decomposition (Xu et al., 2007; Motschenbacher et al., 2011). A 
positive balance of soil organic carbon in rice-upland crop-rice rotation compared 
to rice-fallow-rice systems was recently highlighted by Mandal et al. (2014). This 
has impact on the accumulation or dissipation of soil mineral nitrogen, phosphorus 
availability and potassium exchangeability (George et al., 2002). Kumar et al. 
(2005) also reported higher sustainability of rice-maize cropping systems 
irrespective of variations in weather and price.  
    Furthermore, water requirements in lowland rice are generally high (Bouman et 
al., 2007); rice crop rotation with upland crops could also save water. For instance, 
conventional rice production requires 3,000 to 5,000 lit of water to produce one 
kilogram of rice (Belder et al., 2004; Geethalakshmi et al., 2011), which is 2-3 
times more than other cereal crops such as maize, barley, wheat and sorghum 
Chapter 1 
16 
 
(Barker et al., 1998; Bouman et al., 2007; Tuong et al., 2005). Site-specific 
conditions can dictate a wide variation in the total water use (irrigation + rainfall), 
ranging from 400 mm for heavy-textured soil to more than 3,000 mm for coarse-
textured soil (Bouman and Tuong, 2001; Cabangon et al., 2004). Tabbal et al. 
(2002) reported as high as 3,500 mm of water input in paddy fields in Philippines. 
Moreover, Garg et al. (2009) reported that the total water input in irrigated lowland 
rice in the red laterite soils of eastern India during the wet season may be as high as 
6,000 mm. 
    Crop rotation is one of the essential practices in sustainable agriculture systems, 
because of its effects on soil fertility and other benefits including a reduction in pest 
competition such as weeds (Blackshaw et al., 1994; Filizadeh et al., 2007). 
However, the effect of cultivation and management on some soil properties such as 
soil bulk density has not been consistently observed. Variation in soil bulk density 
among rice-upland crop rotation sites may be due to different soil types, soil texture 
and cultivation and management practices. Wang et al. (2003) observed that in a 
10-year experiment of rice-upland crop rotation, bulk density was 23.4% higher 
than that of the continuous rice culture at 0-10 cm depth. On the other hand, 
Motschenbacher et al. (2011) stated that soil bulk density differed among common 
rice-based cropping systems with corn, soybean and winter wheat, but few 
consistent trends were evident. 
    However, we would also acknowledge the reasons why farmers like doing 
double-cropped or even triple-cropped rice, i.e., familiarity with farming practices 
due to presence of local rice markets, and no need to buy twice the farm machinery 
to cultivate two different crops. Alternatively, in the area where compaction is not 
too severe, or is relatively shallow, there are other options for rice farmers besides 
crop rotation such as aerobic incorporation and especially wetting/drying cycles 
during the season. This farming practice saves water, reduces diseases, might 
inhibit arsenic uptake into the grain (Xu et al., 2008; Norton et al., 2012), and 
minimizes greenhouse gas emissions, while possibly introducing more aerobic 
conditions into the soil. Interest is growing rapidly in wetting/drying cycles in both 
Asia and the US. (Zhang et al., 2009; Yang et al., 2009; Adhya et al., 2014).  
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1.4 The Vietnamese Mekong Delta 
1.4.1 Geographic position and biophysical conditions 
The Vietnamese Mekong Delta is a young delta that covers an area of ~40,000 km
2
 
and has a total population of ~18 million (~20% of the country’s population). It is 
an important agricultural region located in the southern part of Vietnam spreading 
from 11
o00’ to 8o30’ N latitude and 104o10’ to 107o10’ E longitude with three sides 
surrounded by sea. It is bound on the north by Cambodia, on the east and south by 
the East Sea and on the west by the Gulf of Thailand (Fig 1.1). 
 
Figure 1. 1 Map of the Mekong Delta in Vietnam. The different colours refer to 
province boundary 
Paracel Islands 
(Vietnam) 
Spratly Islands 
(Vietnam) 
Phu Quoc 
Con Dao 
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    The delta is mainly influenced by a tropical monsoon climate. It is characterized 
by two distinct seasons: a dry and a rainy season (Sam, 1996). The dry season starts 
in December and ends in May with a rainfall of about 10% of the total annual 
amount with north-eastern wind direction. The rainy season starts in Jun and ends 
in November with about 90% of the annual rainfall with south-western wind 
direction. There are 110-170 rainy days annually and mean annual rainfall is 
~1,600 mm. The average monthly temperature varies between 25 
o
C and 28 
o
C. 
During the warmest months (March to April) the mean temperature is 32 to 33 
o
C 
and during the coolest months (December to January), it is 23 to 25
o
C (Phong, 
1986). Most agro-climatological factors in the Mekong Delta are favorable for 
agricultural production all year round. Generally, the average elevation of the 
Mekong Delta is about 2 m and almost flat (Thao, 1986, 1997). 
    The cultivated area amounts to 2.79 million ha which is 71.6% of the total land 
area of the region. Rice (Oryza sativa L.) is the main crop and essential for national 
food security with more than 90% of the cultivated area being used for rice 
production. It is cultivated in a very intensive way with two or three crop seasons 
per year depending on the ecological condition of each region (Sanh et al., 1998), 
and in some regions up to seven rice crops are cultivated over two years 
(Dobermann et al., 2004).  
    Nowadays, the Mekong Delta is the largest grain producing area in Vietnam. It 
plays a very important role in the social-economic development strategy of 
Vietnam and is a key element for food security of the country as more than ninety 
million people depends on rice for their dietary requirements. The region 
contributes to ~50% of the national agriculture produce. It contributes more than 
33% of the total gross output of the country’s agriculture while its area only 
accounts for 12% of the total natural land area of Vietnam (General Statistics 
Office, 2012). With an annual production of more than 20 million tons of rice, the 
delta has been considered as the “rice basket” for the whole country accounting for 
54% of national rice production (General Statistics Office, 2012). It has been the 
biggest rice growing area in Vietnam and a major rice growing region in Southeast 
Asia. The Mekong Delta produces rice not only for domestic consumption but also 
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for export and it accounts for 90% of the national rice export volume (Duong et al., 
2005).  
    The Mekong Delta is a typical peninsular land of Vietnam. It is a young delta 
deposited by a river and creek network systems, about 6,000 years ago (Khoa, 
2002). The soils in the Mekong Delta are controlled by three main distributing 
processes: the process of transportation and alluvium of sediments by the Mekong 
river forms the typical shape of the new alluvial plain in the center of the Mekong 
Delta; the process of forming old swamps forms the large areas of acid sulphate 
soils; and the process of forming the coastal plain forms the saline soil belt in the 
Mekong Delta (Hien, 2001). Ninety percent of the total area of the Vietnamese 
Mekong Delta (approximately 3.6 million ha) is lowland. Chieu et al. (1990), and 
Ve and Anh (1990) divided soils in the Mekong Delta into major groups, locally 
described as alluvial soils, acid sulfate soils, saline soils, grey soils, peaty soils and 
sandy soils. According to international classification, these soils are respectively 
Fluvisols, Thionic Gleysols, Salic Gleysols, Acrisols, Histosols and Arenosols. 
Nowadays, soils in the Mekong Delta are classified into nine major soil groups (Fig 
1.2): Fluvisols, Proto-Thionic Gleysols, Ortho-Thionic Gleysols, Salic Gleysols, 
Acrisols, Histosols, Arenosols, Plinthosols, Leptosols (Soil Science Department - 
Can Tho University, 2015). 
    Among major soil groups, Fluvisols is the most important, covering the largest 
area with 31% of the Mekong Delta. They are concentrated along the banks on both 
sides of the Mekong River and occur in the central part of the delta. The natural 
low water permeability caused by a compacted B horizon makes these soils well 
suitable for irrigated rice production. The soils have a silty clay to clay texture. Soil 
organic carbon content of paddy soil in the Mekong Delta is generally high 
(Dobermann et al., 2002; National Institute for Soils and Fertilizers and Department 
of Science Technology and Product Quality Vietnam, 2002). Kyuma (1985) 
reported that the average total carbon concentration of the soil in the Mekong Delta 
was 2.5%. The total nitrogen ranged from 0.1 to 0.25%, and phosphorus and 
potassium are of medium level (Estelles et al., 2002). 
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Figure 1. 2 Soil map in the Mekong Delta (Source: Soil Science Department, 
Can Tho University) 
1.4.2 Agricultural challenges of rice cropping in the Mekong Delta 
Originally, the Mekong Delta was covered by forest. They were reclaimed and 
exploited for agricultural production from the start of the 17
th
 century, and 
gradually cultivated by applying various agricultural practices including building of 
dikes and irrigation canals, plowing among others, focusing on paddy rice 
cultivation (Lua, 1987). In the middle of the 19
th
 century, the Mekong Delta had 
become the largest region for agricultural production of Vietnam, essentially rice 
production for commercial purposes. 
    In the past, tillage was based on the use of human and animal power. Since 
1980s, modernization in agriculture has resulted in a system of continuous intensive 
monoculture with mechanical practices. Indeed, the system with three rice crops 
per year was using a heavy four-wheel tractor, with plowing to a depth of ~20 cm. 
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From 2000 onwards, shallow soil preparation is the common method adopted by 
most farmers with handheld two-wheel tractor for initial soil preparation. The most 
common soil preparation practices in the Mekong Delta are tillage and puddling 
under wet conditions followed by broadcasting rice seedlings into the puddled 
paddy field and growing the rice crop in a submerged condition. After decades, the 
ultimate result of this practice was the development of a plow pan close to soil 
surface. This land use system has mainly enlarged in the past 20 years with short 
duration (90-100 days) and high yielding varieties on the areas along the Mekong 
River. This shift in cropping pattern has brought about some additional chemical 
fertilizer, pesticide and insecticide inputs as well as longer inundation periods 
throughout the year with anaerobic soil conditions. 
    Nowadays, continuous paddy rice cultivation is the major cropping pattern in the 
Mekong Delta of Vietnam (Thinh, 2009). The present intensive continuous 
monoculture system with three rice crop per year aims at maximizing paddy rice 
production. At harvest, the rice straw is burned or removed for mushroom 
cultivation or cattle feed (Watanabe et al., 2009). 
    Despite their high agricultural potential, the productivity of paddy soils in the 
Mekong Delta tends to decrease in past years, especially in high intensive rice 
cultivation areas. In the period 1995-1999, rice yield decreased with 12% in winter-
spring and summer-autum season and with 21% in spring-summer season, as a 
result of increased intensive farming with poor soil management (Khoa, 2002). 
Particularly, changes in the land preparation pattern in paddy cultivation during the 
last two decades would be one of the major reasons for the depletion of soil 
productivity. Soil fertility for sustainable rice cultivation in the Mekong Delta 
seems to be under threat by these reasons. Farmers began to use fertilizer at higher 
rates than those recommended to maintain rice yield (Khoa, 2002; Guong et al., 
2010b). As a consequence, fertilizer use already reached a high level and further 
increases are not likely to be profitable. Among the numbers of possible causes for 
the stagnation and decline of rice yield nutrient deficiency and deterioration of soil 
physical properties, i.e. the formation of a shallow plow pan and continuous 
anaerobic conditions, have been suggested as major ones (Cassman et al., 1995; 
Khoa, 2002). Moreover, some symptoms of declining soil productivity were 
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mentioned by farmers. The symptoms were low fertilizer response, soils becoming 
compacted, limited root penetration, falling down of rice after flowering, and 
frequent outbreaks of insects and diseases, which lead to increase in production 
cost. On average, total production costs increase at a rate of 2-2.4% per year in the 
period 1995-2004 (Khiem and Khai, 2008). As a result, farmers’ income in the 
intensive triple rice cropping in the Mekong Delta likely falls.  
    A preliminary study conducted in intensive rice monoculture areas prompted 
following assumption. As a result of intensification of rice cultivation in the 
Mekong Delta, the plow layer became shallower and it disturbs the growth of rice 
root that is necessary for good rice yield. Khoa (2002) and Phuong (2006) reported 
that the compacted layer depth of those rice fields varied from 10-25 cm and the 
thickness varied from 20-50 cm, mainly originated from rice monoculture with high 
soil rotation, increased mechanization in wet tillage and illuviation process of fine 
particles. The plow pan is moderately hard when saturated. In general, rice has a 
considerably compact and shallow root system compared with other crops. The 
majority of rice roots penetrate to a depth of about 20-25 cm (Sharma et al., 1994). 
Rice roots do not generally grow over 30 cm depth (Jaquie et al., 2012) and seldom 
exceed a depth of 40 cm in continuously flooded fields (IRRI, 1997). However, 
presence of a shallow plow pan may restrict the root growth, which may reduce the 
nutrient uptake by the plant and hence reduce biomass and grain yield. If 
reasonable and affordable solutions will not be given, rice yield in the Mekong 
Delta will continue to decline in near future. This is emergent and we need to 
develop strategies on how to conserve paddy soil. Although crop rotation systems 
have been studied by many researchers, extensive investigation and research on 
their long-term impact on soil quality and crop parameters, their practicability, 
economic feasibility and farmer acceptance is still need and should be considered 
for particular regions of interest with differences in ecological condition.  
    There is no single agronomic practice that resolves the soil compaction problem 
in paddy soil. Rather, a combination of practices should be suggested to mitigate 
the problem. These practices include minimum tillage, loosening compacted soil by 
deep ripping and using a crop rotation which includes deep and strong rooting 
plants able to penetrate relatively compacted soil. In order to develop sustainable 
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rice crop production systems, an experiment was set up in 2002 with three new 
cropping systems with rotations of rice and upland crops were introduced beside 
intensive rice monoculture system on paddy alluvial clayey soil in Cai Lay district, 
Tien Giang province, the most suitable region for rice production in the Mekong 
Delta. Maize and mung bean were grown in rotation with rice. Intensive rice 
monoculture, the common practice adopted by farmer was used as a control 
treatment. Comparative field studies under controlled conditions are required to 
evaluate the impact of new cropping systems on soil quality and yield.  
    Previous studies by Guong et al. (2010a, b) in this experiment field demonstrated 
that the rotation of rice with upland crops resulted in significantly greater contents 
of soil mobile humic acid (MHA), labile organic nitrogen, nitrogen mineralization 
and soil available nitrogen supplying capacity compared with intensive rice 
monoculture systems. In addition, using labeled urea fertilizer (
15
N) to discriminate 
soil-N from fertilizer-N taken up by rice showed that there was more soil mineral 
nitrogen taken up in rotation systems compared to rice monoculture system (Guong 
et al., 2010a). On the other hand, the study of Xuan et al. (2012) conducted at the 
same experimental site, showed that rice rotated with maize or mung bean provides 
equilibrium in the soil microbial environment. Composition, abundance and 
diversity of soil bacterial communities in the crop rotation systems were 
significantly different and higher than those in the rice monoculture system, which 
may promote rice growth and productivity. Moreover, in the same field experiment, 
Dung et al., (2010) reported a positive effect of rice-upland crop rotation on the 
composition of the microbial community colonizing in rice straw residues. The 
abundance and diversity of soil microorganisms therefore may increases the 
availability of plant nutrient elements (Turmuktini et al., 2012). In another 
experimental set up on paddy rice field with alluvial soils at Chau Thanh district, 
Hau Giang province, Hung et al. (2005) reported that the nitrogen fertilizer use 
efficiency was higher in case of rice-sweet potato and rice-soybean rotation 
compared to the continuous rice monoculture system.  
    In the Mekong Delta, the effects of crop rotation on soil quality in paddy fields 
have been reported by several studies, but they are just focusing on the chemical 
and biological aspects of soil fertility. In clay soils which are cultivated under wet 
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conditions and are puddled for rice cultivation, the presence of a plow pan may 
influence soil physical properties, but also affect soil chemical properties and 
nutrient availability. Generally, an important factor for sustainable productivity of 
tropical soils is maintenance of soil physical characteristics at an optimum level 
(Lal, 1974). Singh and Singh (1996) mentioned that tillage levels and soil physical 
conditions modify the root systems. When this is achieved, the productivity of these 
soils can be substantially improved by the use of fertilizers. Since the nature of soil 
physical properties were generally of little concern during rice crop-growing 
seasons due to the flooded-soil conditions, the impact of long-term crop rotation on 
physical properties in the Mekong Delta was not investigated. 
    Considering the above facts, an understanding of the relationship among long-
term crop rotation, soil physical properties, root growth, soil nutrient stock and rice 
yield in paddy rice cultivation is essential. Therefore, evaluation of soil physical 
and chemical characteristics related to soil degradation and rice production decline 
is very important and necessary to study. In this study, we examined whether the 
intermittent cultivation of one or two upland crops in a paddy rice cultivation 
system (resulting in alternate anaerobic-aerobic conditions), without flooding 
conditions and puddling in upland crop season(s), results in important changes in 
soil physical and chemical properties compared to systems which undergo 
continuous paddy rice cultivation (continuous anaerobic conditions).  
1.5 Characteristics of the study location and field experiment set up  
The study area is located in the northern part of the Mekong River, the major and 
representative region for the current problems associated with long-term intensive 
rice monoculture systems in the Mekong Delta. A field experiment was performed 
from 2002 to 2012 in a previously intensive irrigated paddy rice field in which 
farmers harvested three rice crops from the same field each year at Cai Lay district, 
Tien Giang province (at ~10°22’ North latitude and 106°07’ East longitude). The 
study site had a flat topography (0.5-1%) and an elevation of 2 m above sea level. 
Long-term experiments are vital for testing the sustainability of new cropping 
systems and they enable the direct quantification of changes in soil properties 
resulting from changed cropping system practices. 
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    The land was used to produce one traditional rice crop per year before 1960. This 
traditional rice crop had a long growing period of 5 to 6 months. Gradually, high 
yield rice varieties were used and two rice crops per year, a winter - spring crop and 
summer - autumn crop were cultivated. Since 1980, three rice crops are cultivated: 
winter - spring (November to January), spring - summer (March to May), and 
summer - autumn (July to September) with short growing periods of 90-95 days. 
    The climate of the experimental area is tropical, wet and humid. Heavy rainfall 
occurs during the monsoon and is scare at other times. The monthly average 
climatic characteristics near the experimental field for the period from 1991 to 2010 
indicate that the total annual evapotranspiration was around 1,400 mm. The mean 
annual rainfall was above 1,500 mm of which 80% fell during the summer-autumn 
seasons, that is, from the middle of May to the end of October. From November to 
April, rainfall was less than 20% to the annual rainfall. The period from January to 
March received virtually no rain (Fig. 1.3). The relative humidity ranged from 80 to 
85%. The temperatures were always between 20 and 35
o
C; from mid-March to late 
June, the maximum and minimum temperatures were in the highest range whereas 
from mid November onward up to mid-February temperature was in the minimum 
range. However, the highest maximum temperature was recorded in April. These 
climatic factors are favorable for agriculture and tropical crops growth, especially 
for rice, maize, mung bean and other upland crops (Sys et al., 1993). 
 
     Tmax: maximum temperature, Tmin: minimum temperature, ET0:  reference evapotranspiration 
Figure 1. 3 Distribution of mean monthly rainfall, temperature and 
evapotranspiration from 1991 to 2010 at the experimental site (Cai Lay district, 
Tien Giang province, at ~10°22’ North latitude and 106°07’ East longitude). 
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    The soil at the field site was classified as Gleyic Fluvisols (IUSS Working Group 
WRB, 2015) or Typic Fluvaquent (Soil Survey Staff, 2010) (Soil Science 
Department - Can Tho University, 2015). The principle soil characteristics at the 
experimental site are shown in Table 1.1. The textural class was clay and the soil 
had a pH of 5.4-5.5, EC of 0.26-0.32 dS m
-1
, SOC of 1.02-2.15 %, CEC of 23-24 
cmol(+) kg
-1
, and bulk density of 0.95-1.36 Mg m
-3
. Visual inspection of soil 
profiles and measurements with a penetrologger (Eijkelkamp Agrisearch 
Equipment, Giesbeek, the Netherlands) showed that a plow pan was present at a 
depth of about 15 cm from the surface with a thickness of ~30 cm. Clay mineralogy 
was not determined but is mostly dominated by smectites and muscovite in the 
study area (Khoa, 2002). The soil in the study location does not show strong 
expansivity.   
Table 1. 1 Soil characteristics of the experiment field prior to the experiment 
Depth 
(cm) 
Sand
a 
(%) 
Silt 
(%) 
Clay 
(%) 
ρb 
b 
(Mg m
-3
) 
pH(H2O) EC
c 
(dS m
-1
) 
SOC 
(%) 
CEC
d 
(cmol+ kg
-1
) 
0-20 1.9 32.0 66.1 0.95 5.5 0.32 2.15 24.5 
20-40 1.1 31.2 67.7 1.36 5.4 0.26 1.02 23.1 
aSand: 50–2000µm, Silt: 2–50µm, Clay: <2µm, bρb: Bulk density, 
cEC: electric conductivity, SOC: soil 
organic carbon, dCEC: cation exchange capacity. 
     
    The field experiment was laid out as a Randomized Complete Block Design. The 
treatments consisted of four cropping systems with four replications. Each plot 
covered an area of 42 m
2
. Between plots, distances of 0.3 m were kept and between 
replicates the distance was 1 m. The main crop rice (Oryza sativa L.) was rotated 
with maize (Zea mays L.) and mung bean (Vigna radiate (L.) R. Wilczek) in 
different combinations with three crops per year. Figure 1.4 shows the schedule 
according to which the different crops were seeded and harvested. The four applied 
rotation systems were:  
(1) rice (crop 1) – rice (crop 2) – rice (crop 3) (designated as R-R-R),  
(2) rice (crop 1) – maize (crop 2) - rice (crop 3) (designated as R-M-R),  
(3) rice (crop 1) – mung bean (crop 2) - rice (crop 3) (designated as R-Mb-R),  
(4) rice (crop 1) - mung bean (crop 2) - maize (crop 3) (designated as R-Mb-M).  
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    The winter-spring season (WS) (November-February) is considered as the first 
season in the rotation system, with rice being cultivated for all four treatments. In 
the following spring-summer season (SS) (March-June) and summer-autumn (SA) 
(July-October), different crops can be cultivated (Fig 1.4). These crop rotations 
were repeated every year during ten years of experiment. 
 
Figure 1. 4 Yearly crop rotation in long-term field experiment (2002-2012) 
     
    Prior to establishment of the experiment, the field had been conventionally 
cropped with intensive rice monoculture for over 30 years. In the study area, as 
well as in our study, rice crops are cultivated with short growing varieties (90 to 95 
days) belonging to the tropical Indica varieties group (Keyan et al., 2011). 
The fertilizer doses for rice, maize and mung bean were 100N-45P2O5-30K2O, 
140N-50P2O5-30K2O, 40N-30P2O5-60K2O kg ha
-1
, respectively based on 
recommendations by the Department of Soil Science, Can Tho University. The 
fertilizer doses are repeated for each crop cycle in the experiment. Fertilizers used 
for the experiment were urea (46% N), super phosphate (13.5% P2O5) and 
potassium chloride (60% K2O).  
    Soil preparation was done around 1-3 days before sowing. For rice cropping, this 
was done by chisel tillage (10-15 cm depth) followed by puddling with the aim of 
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preparing a seedbed of fine aggregates. This was often complemented with a pass 
of a special leveler made by heavy wood, to smoothen and level the puddled 
surface layer. As is typical in the area, before the year 2000, the type of implement 
was a heavy four-wheel tractor, whereas from 2000 onwards, it was a handheld 
two-wheel tractor. For soil preparation under maize and mung bean, beds of 20 cm 
height above the field surface and 40 cm width were manually prepared with a hoe 
(Fig. 1.5). This resulted in turning the soil between the top soil and compacted 
layer, creating 30 cm deep furrows to drain extra water. The position of furrows is 
changed every upland crop season to assure that the compacted layer is loosened 
anywhere in the experiment plots. When maize or mung bean cultivation was 
followed by rice, the soil was leveled again. The respective soil preparation was 
repeated prior to each growing season. The rice field plots were irrigated when 
100–150 mm of standing water dropped below the soil surface throughout the rice 
cropping season till ten days prior to harvest. 
 
Figure 1. 5 Soil preparation methods for maize and mung bean 
         
    In addition, a farm household sampling was undertaken in four villages (Long 
Khanh, Cam Son, Binh Phu, Long Tien) around experimental site. All villages 
included four types of crop cultivation: three rice crops per year (RRR), three 
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upland crops per year (UUU), one rice crop and two upland crops per year (RUU), 
and two rice crops and one upland crop per year (RUR) (Table 1.2). In total 40 
fields (one type of cropping system for one farmer field) were identified based on 
randomness for soil sampling: 10 farmer fields were sampled for each cropping 
system. At the time of soil sampling, RUR, RUU and UUU fields had been under 
that cropping system for five years, whereas RRR fields had been cultivated as such 
for more than 30 years. All the soil samples were taken in the dry season after 
harvest of rice (RRR, RUR and RUU) or upland crops (UUU). 
 
Table 1. 2  Cropping systems in the study area 
 
Cropping system 
Cropping season 
Late wet  Dry  Wet 
Rice–Rice–Rice (RRR) 
Rice–Upland crop–Rice (RUR) 
Rice– Upland crop– Upland crop (RUU) 
Upland crop–Upland crop–Upland crop (UUU) 
Rice 
Rice 
Rice 
Upland crop 
Rice 
Upland crop  
Upland crop  
Upland crop 
Rice 
Rice 
Upland crop  
Upland crop 
    Rice is planted with a conventional flooding system on flat fields after plowing, 
puddling and leveling the top 10 cm under wet conditions with a small tractor 
before sowing. Upland crops (cucumber – Cucumis sativus, tomato – Solanum 
lycopersicum, maize – Zea mays, chili pepper – Capsicum annuum, okra – 
Abelmoschus esculentus, onion – Allium fistulosum, mung bean – Vigna radiara, 
sesame – Sesamum indicum) are normally cultivated on raised beds of around 20 
cm height above the field surface, with the soil dug by hoe to 20-30 cm depth for 
making raised beds and furrows. Prior to sowing for upland crops, farmers clear 
any remaining crop residue and post-season weeds. 
1.6 Objectives of the study 
As described above, long-term intensive rice farming has the potential to damage 
soil health, leading to poor productivity and reduced income. Avoiding the negative 
effects of the present intensive rice monoculture systems and improving those 
factors that lead to a reduction in rice yield is fundamental to the food security goal 
and to enhance farmers’ income. However, at present a comparative assessment 
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and scientific evidence of systems on inclusion of non-rice crops in rice-based 
cropping systems is meager. No information is available on the long term effects of 
repeated crop rotation applications on rice production in the Mekong Delta region.  
Therefore, this study was carried out in order to conserve the natural land resources 
and support sustainable agricultural production in this area. We explored the 
potential of rotating rice with upland crops, hence alternating soil anaerobic with 
aerobic conditions, to maintain productivity of paddy soil in the Mekong Delta. The 
hypothesis was that the soil physical and chemical properties, and rice yield from 
cropping systems of rice rotated with upland crop such as maize and mung bean 
systems are different and more beneficial than from an intensive rice monoculture 
system thus maintaining productivity and farmer’s income without degrading the 
soil resource. Whether upland crop cultivation with deep tillage performs better 
than the traditional practices associated with rice monocultures in terms of 
improved soil structural properties, root growth, nutrition availability stocks and 
rice yield of the region is still unknown. Therefore, the overall objective of this 
dissertation was to evaluate the long-term impact of rice-upland crop rotations on 
soil physical and chemical properties of paddy rice fields as compared with 
intensive rice monocultures. More specifically, this study will provide insights on 
how soil quality changes under different cropping systems and thus contribute to 
sustainable rice production in the Vietnamese Mekong Delta. As our hypothesis is 
that the new cropping systems will improve soil quality, they are termed soil-
improving cropping systems in this dissertation. 
    To address the above main objective, the following specific objectives of the 
research are: 
(i) to determine the effect of rotations of rice with upland crop on physical and soil 
chemical soil quality as compared to intensive rice monoculture in the late wet 
season, i.e. in the rice growing season of all rotations; 
(ii) to study the influence of crop rotation versus continuous rice cultivation on the 
physical and chemical properties of cultivated soil in the dry season, i.e. in the 
upland crop plots of the rice-upland crops rotation systems, and in the rice plots of 
the rice monoculture system. 
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(iii) to assess the impact of upland crop rotations with rice on rice yield and the 
yield trends; 
(iv) to determine the relationship between the physical and chemical soil properties 
and the rice yield; 
(v) to evaluate if soil compaction under rice monoculture system leads to decreased 
nutrient availability stocks and hence rice yield; 
(vi) to evaluate the long-term impacts of rice-upland crop rotations on economic 
productivity and feasibility; 
(vii) to assess the seasonal and inter-seasonal variation of selected hydro-physical 
properties of a paddy clay soil under difference rotation-based cropping systems; 
(viii) to evaluate the effects of different cropping systems on the physical and 
chemical quality of alluvial heavy clay soils in uncontrolled farmers’ fields; 
(ix) to recommend prospective cropping systems for paddy rice areas inclined to 
physical soil degradation and to suggest policy implications related to rice-upland 
crop rotation systems.  
    Results of this research would help farmers, agricultural extension agents, policy 
makers, local authorities and consultants to make appropriate land management 
decisions for future sustainable cultivation in paddy soils.  
1.7 Outline of the dissertation 
This dissertation is organized in nine chapters (Fig. 1.6). Chapter one introduces 
the research problems, characteristics of study area, major objectives and the 
outline of the dissertation. In chapter two, we examined whether crop rotations of 
paddy rice with upland crops as an alternative agricultural management practice for 
continuous rice cultivation, affected the soil physical properties in the dry season. 
In chapter three, the same was done for the chemical properties. We assessed how 
crop rotation with upland crops affected the soil chemical properties compared to 
continuous paddy rice cultivation systems. In chapter four, we examined ten years 
impact of crop rotation on soil physical, chemical properties, and rice yield 
components and yield in the late wet season after rice cultivation for all different 
treatments. Besides, farmer’s income was also evaluated and how this might affect 
the economic feasibility of the newly introduced systems. Chapter five identifies if 
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limited root penetration under intensive rice monoculture system causes shortage of 
one or multiple nutrients and likely explains the lower plant performance as 
compared to rice-upland systems. Chapter six presents the impact of different 
cropping systems on soil compaction and how these properties change with time 
within crop season and inter-crop season.  
Chapter seven presents physical and chemical properties that were assessed to 
quantify changes due to medium-term application of different cropping system, but 
on farmer’s fields rather than on the experimental plots. Chapter eight gives an 
overview of the socio-economic status and how farm characteristics and crop 
rotations affect crop yield and income of the households involved in the study area 
after medium-term changing from rice monoculture system to other cropping 
systems. Chapter nine presents the general discussion of the results reported from 
chapter two to chapter eight, conclusions, and recommendations for future research 
and development attention. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. 6 Schematic overview of the dissertation 
Chapter 1 
Introduction, Problems 
Study area, Objectives and General methods 
Chapter 8 
Influence of 
cropping 
systems on 
farmers’ 
income  
Experimental field 
Chapter 2 
Effect of crop 
rotation on soil 
physical 
properties in 
dry season 
 
Farmers’ fields 
 
Chapter 3 
Effect of crop 
rotation on soil 
chemical 
properties in 
dry season 
 
Chapter 9 
General discussion and conclusion, 
Recommendations for future research 
 
 
 
 
 
 
 
 
 
 
 
Chapter 7 
Influence of 
cropping 
systems on 
surface soil 
properties 
Chapter 4 
Effect of crop 
rotation on soil 
properties and 
rice yield in 
late wet season 
 
Chapter 5 
Rice 
production in 
relation to soil 
compaction 
and nutrient 
availability 
 
Chapter 6 
Effect of crop 
rotation on 
temporal 
variation of 
hydro-physical 
soil properties 
 
 33 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2 
 
Inclusion of upland crops in rice-based rotations affects 
physical properties of clay soil in dry season# 
 
 
 
 
 
 
 
 
 
 
 
 
 
# This chapter is based on: 
Linh, T.B., Khoa, L.V., Van Elsacker, S., Cornelis, W., 2016. Effect of cropping 
system on physical properties of clay soil under intensive rice cultivation. Land 
Degradation & Development 27, 973-982. 
 
 
 34 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2 
35 
 
 
2.1 Introduction 
The physical quality of agricultural soil refers primarily to the soil’s strength and 
storage characteristics in the crop root zone (Topp et al., 1997). Soil with good 
physical quality has the ability to store and transmit water, air, nutrients and 
agrochemicals in ways which promote both maximum crop performance and 
minimum environmental degradation (Reynolds et al., 2007). Many cropping 
factors are known to influence soil physical properties. These include tillage (Singh 
et al., 2014), crop type (Scott et al., 1994), cultivation farming practices (Ozgoz et 
al., 2013), and soil preparation depending on the kind of crop, like puddling in case 
of rice farming systems. Effects of cropping and soil management systems on soil 
physical properties are often related to changes in soil organic matter (Haynes, 
2000), soil quality (García Orenes et al., 2009; Barbera et al., 2012; Tesfahunegn, 
2013) and provide essential information for assessing sustainability and 
environmental impact (Ishaq and Lal, 2002; Schneider et al., 2012). 
    Tillage is used for planting, weeding and to loosen surface and subsurface soil 
hence alleviating soil compaction. However, continuous intensive monocultures of 
rice can lead to increased subsoil compaction and reduced soil quality. Indeed, 
tillage and puddling under wet conditions with machinery is the most common soil 
preparation technique used to support lowland rice production. The presence of a 
compacted layer in paddy field helps to reduce water losses and limits plant 
nutrient leaching through percolation (Reddy and Hukkeri, 1980). However, it is 
also an obstacle for root penetration if the compacted layers are located at a 
shallower than the normal rooting depth and hence affect crop growth and yield 
(Wickramasinghe, 2011). Furthermore, in a rice monoculture system with 
anaerobic conditions throughout most part of the year, rice crop residue might show 
problems for season by season decomposition. This might lead to reduced soil 
organic matter quality by accumulation of phenolic compounds resulting in reduced 
nutrient availability (Olk et al., 2007; Srinivasarao et al., 2014). 
    Inclusion of upland crop is desirable to minimize the risks of subsoil compaction. 
Indeed, selecting rotations which include crops with a strong tap root able to 
penetrate and break down compacted soil can contribute to alleviating soil 
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compaction and its effects (Hamza and Anderson, 2005; Schjønning et al., 2015). 
Moreover, excessive and unnecessary tillage and puddling operations are limited in 
upland crop season(s). Rotation of upland crops and rice with its flooded soils 
brings a transition in soil aeration status from anaerobic to aerobic and back to 
anaerobic. The frequent cycling between anaerobic and aerobic condition results in 
a greater rate of soil organic carbon decomposition (Xu et al., 2007; 
Motschenbacher et al., 2011). Accordingly, physical properties of long-term 
flooded paddy soil such as soil structure and porosity can be changed by the rice-
upland crop rotation practice (Zhou et al., 2014).   
    A pilot survey conducted in the Mekong Delta, showed that the plow layer 
became closer to the soil surface starting at 15-25 cm depth and extending to 20-50 
cm. This is mainly due to repeated shallow tillage puddling activity three times per 
year with machinery trafficking for land preparation under wet conditions for rice 
monoculture for more than 30 years. The rice yield cultivated on alluvial soils in 
monocultures with three harvests per year is declining, even though farmers add 
yearly more fertilizer (Khoa, 2002). In order to develop sustainable rice crop 
production systems, new cropping systems with different crop rotations within one 
year were introduced on paddy clayey soil in the Mekong Delta, Vietnam. Based 
upon the market demands, the technical level of farmers and especially the 
agricultural development strategy of the local government, mung bean (Vigna 
radiata), which is a leguminous crop, and maize (Zea mays L.), a non-leguminous 
crop, were chosen for rotating with rice (Oryza sativa). The rotations comprise a 
rotation with flooding crops (rice) only, which is now the common practice, and 
new rotations with rice and upland crops (maize and mung bean). Hence, the new 
rotations alternate soils anaerobic with aerobic conditions.  
    Long-term experiments were therefore conducted under different cropping 
systems on clay soils with the objective of evaluating their impact on selected 
physical soil quality indicators and to understand to what extent creating temporary 
beds for upland crops (maize and mung bean) can correct for potential loss in soil 
quality resulting from rice cultivation. We hypothesize that rotating rice with maize 
and mung bean grown on temporary beds improves the deteriorated physical 
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quality of soil, and increase rice yield in the subsequent season in comparison with 
the rice monoculture system.  
2.2 Materials and methods 
2.2.1 Site description and treatments 
The field experiment was performed as described in Chapter 1 (section 1.5). 
2.2.2 Soil sampling and field measurement 
A specific focus of our experiment was the vertical variability of some soil 
properties under the different crop rotations. For this reason, samples were taken 
once for 10 cm depth increments down the profile. In this season (spring-summer 
season), different crops (rice, mung bean, maize) were cultivated in different 
treatments. Rice was planted on flat field whereas maize and mung bean were 
cultivated on raised beds. For maize and mung bean plots, the soil samples were 
taken in the beds where the plants were cultivated. For rice plots, the soil samples 
were taken on the flat. All soil samples were taken after 25 cropping seasons at the 
same time at the end of the spring-summer cropping season (dry season) when the 
soil was almost saturated, which corresponds under our conditions to field capacity. 
    Undisturbed soil samples were taken with 100 cm³ rings at three depths (0-10, 
10-20 and 20-30 cm) following the procedure described by Dirksen (1999). The 
core samples were used for the determination of soil water retention and bulk 
density. Disturbed soil samples at three depths (0-10, 10-20 and 20-30 cm) were 
taken for soil organic carbon, soil texture, soil particle density and soil aggregate 
stability analysis; every sample was a randomized composition from ten locations 
within one plot using a sampling tube type auger.  
    Soil penetration resistance was measured with a handheld electronic 
penetrometer (Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands) 
directly in the field. This instrument was used to measure resistance of up to 10 
MPa pressure to a depth of 80 cm in one centimeter intervals. These measurements 
were repeated three times in each of the four replicate plots per treatment and 
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values were averaged per plot. Concurrently with soil strength measurements, soil 
moisture content was determined in 10 cm intervals until 80 cm depth. 
2.2.3 Determination of soil physical properties  
The Robinson pipette method (Gee and Bauder, 1986) was used to analyze soil 
particle size distribution. The sand (0.05-2 mm), silt (0.002-0.05 mm) and clay 
(<0.002 mm) fraction of the soil sample was determined and the USDA/Soil 
Taxonomy texture triangle was used to classify soil texture. Bulk density was 
calculated as oven dry soil weight (105 °C) of undisturbed soil samples per bulk 
volume unit using the core method (Grossman and Reinsch, 2002). Particle density 
was determined using the pycnometer method (Blake and Hartge, 1986) with all air 
being removed by a vacuum pump. Total porosity was then calculated from bulk 
density and particle density (Vomocil, 1965). For soil water retention 
characteristics, the sand-box apparatus (Eijkelkamp Agrisearch Equipment, 
Giesbeek, the Netherlands) was used for matric potentials between 0 and -10 kPa, 
whereas pressure chambers (Soilmoisture Equipment, Santa Barbara CA, USA) 
were used for tensions from -33 to -1,500 kPa on core sub-samples, following the 
procedure described in Cornelis et al. (2005). The van Genuchten equation (1980), 
an effective and commonly used parametric model for relating water content to 
matric potential, was fitted to the measured water retention data for calculating the 
S-index: 
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                                               (1) 
where θ is water content (kg kg-1), h is matric potential head (cm), θr is residual 
water content (kg kg
-1
), θs is water content at saturation (kg kg
-1
), and α, n, m are 
fitting parameters with m set at 1-1/n, and α in cm-1. 
 Dexter (2004a, 2004b, 2004c) deﬁned a quantity S as the slope of the water 
retention curve at its inﬂection point. He noted that values of S appeared to have the 
same physical meaning in soils of all textures. This index has been related to many 
important soil properties or conditions including compaction, penetration 
Chapter 2 
39 
 
resistance, plant-available soil water and soil structural stability (Dexter and Czyz, 
2007). We therefore used the S index to better understand the effect of different 
crop rotation systems on soil structural quality and to compare it with soil 
compaction data.  
The S-index was calculated using Equation (2) 
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where n, θs, θr are the van Genuchten parameters obtained by curve-fitting Equation 
(1) to the measured retention data. θs and θr are the saturated and residual 
gravimetric water contents, respectively (kg kg
-1). Note that θr was set to zero as 
suggested by Dexter (2004b). These parameters were estimated and calculated with 
the RETC retention curve program (RETC, 2008).  
 Plant available water capacity (PAWC) was calculated as Equation 3  
                                                  
                                                PAWC = θfc – θpwp                                                                     (3) 
where θfc and θpwp are water content at field capacity and at permanent wilting point 
(m³ m
-
³). A matric potential of -10 kPa was taken as corresponding to field capacity 
(Romano and Santini, 2002), according to field observations in the study area 
reported in Khoa (2002). Wilting point was considered at a matric potential of -
1,500 kPa (Reynolds et al., 2007).  
   The stability of the aggregates was determined on air-dried soil disturbed samples 
using the dry and wet sieving method of de Leenheer and de Boodt (1959) in the 
laboratory. The difference in the weighted quantities of the aggregate sizes between 
dry and wet sieving is an index for aggregate instability (Equation 4 and 5): 
  
                                          IS = MWDd – MWDw                                                (4) 
  with 
                                              


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 MWD                                                       (5) 
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where IS is the instability index, MWD is mean weighted diameter of the dry (d) 
and wet (w) aggregate fractions, mi is mass of the aggregate fraction i (g), and di is 
mean diameter of the aggregate fraction i (mm).  
   The stability index (SI) was calculated as the inverse of the difference in mean 
weighted diameter after dry and wet sieving (Equation 6):  
                                                 
IS
1
 SI                                                             (6) 
2.2.4 Statistical analyses 
Analysis of variance (ANOVA) was conducted on all investigated soil properties 
with crop rotation and depth layer as fixed factors. Differences among individual 
treatments were determined using Duncan’s multiple range test (P < 0.05). All 
analyses were carried out with SPSS (version 20.0, IBM, Armonk, NY, USA).  
2.3 Results 
2.3.1 Soil texture  
The soil textural class of the whole experimental area was clay, with a mean of 2% 
sand, 32% silt and 66% clay (Table 2.1). There were no significant differences in 
sand content between treatments for three depths 0-10, 10-20 and 20-30 cm and 
between depths within the treatment. Clay content was not significantly different 
between all the treatments at 0-10 cm depth. However, at depth 10-20 and 20-30 
cm, clay content of R-R-R was significantly higher (2-4% higher) than that of 
cropping systems with rice and upland crops except for R-Mb-R. In the those 
systems there was no significant difference between depths of 0-10 cm and deeper 
layers except for R-Mb-M, whereas R-R-R treatment manifested a significant 
increase in clay content with depth with the highest value (69.8%) at 20-30 cm 
depth. In contrast to clay content, the silt content was significantly lower in R-R-R 
compared to R-M-R, R-Mb-R and R-Mb-M treatments. 
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Table 2. 1 Particle size distribution for the different crop rotation treatments at three different depths
1
 
 
Treatment  
Depth  
(cm) 
Sand 
50–2000µm 
Sand* 
50–2000µm 
Silt 
2–50µm 
Silt* 
2–50µm  
Clay  
<2µm 
Clay* 
<2µm  
(g kg
-1
)
                                
 
R-R-R  0-10 
10-20 
20-30 
22.8±3.1 
19.8±3.6 
19.4±4.5 
20.6 324.2±16.2 a 
301.0±16.7
B 
ab 
282.9±17.9
B 
b 
302.7 653.0±12.1 b  
679.4±18.6
A 
a  
697.7±21.4
A 
a
 
 
676.7 
R-M-R  0-10 
10-20 
20-30 
25.0±4.1 
24.4±2.7 
24.0±2.3 
24.5 324.1±8.6 ab 
330.0±15.5
A 
a 
315.2±14.2
A 
b 
323.1 650.9±10.3 ab  
645.6±16.6
B 
b  
660.8±15.8
B 
a  
652.4 
R-Mb-R  0-10 
10-20 
20-30 
23.2±3.5 
23.9±3.7 
22.9±3.1 
23.3 336.6±25.9 
309.6±15.7
AB
 
293.4±22.6
AB
 
313.2 640.1±27.2  
666.5±16.7
AB
  
683.8±21.5
AB 
 
663.5 
R-Mb-M  0-10 
10-20 
20-30 
24.2±2.0 
23.3±0.8 
22.7±3.3 
23.4 329.2±11.7 a 
316.5±5.7
AB 
b 
317.7±5.6
A 
b 
321.1 646.6±11.2 b  
660.2±6.4
AB
a  
659.6±4.4
B 
a  
655.5 
1R-R-R, rice-rice-rice; R-M-R, rice-maize-rice rotation; R-Mb-R, rice-mung bean-rice rotation; R-Mb-M, rice-mung bean-maize rotation; *, soil parameters of 0-30 cm depth. 
Different letters in each column mean statistically significant differences at P < 0.05 using DMRT; A, B, C are the significant differences between the treatments of each depth; a, b, 
c are the significant differences between the depths within the treatment. Numbers follow ± symbol represent the standard deviations. 
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Table 2. 2  Influence of crop rotations on selected soil physical quality indicators and parameters
1
. 
Treatment Depth  
(cm) 
BD  
(Mg m-³) 
BD*  
(Mg m-³) 
PD 
(Mg m-³) 
SP  
(%) 
SP*  
(%) 
PAWC  
(m³ m-³) 
PAWC*  
(m³ m-³) 
SI SI* S-index S-index* 
R-R-R 0-10 
10-20 
20-30 
0.91±0.02B c 
1.13±0.06A b 
1.32±0.05A a 
1.12A 2.39±0.03 b 
2.47±0.04 a 
2.53±0.02Aa 
62.09±1.41 a  
54.24±2.02C b 
47.67±2.10B c  
54.67B 0.251±0.01AB a 
0.237±0.01 a 
0.185±0.03C b  
0.224B 1.44±0.23B a  
1.31±0.16B a 
0.88±0.17C b 
1.21C 0.07±0.001 a  
0.05±0.01B b 
0.03±0.01B c 
0.05B 
R-M-R 0-10 
10-20 
20-30 
0.96±0.04AB 
0.94±0.06
BC
 
0.96±0.06B 
0.95B 2.45±0.03  
2.48±0.01  
2.49±0.05AB 
60.74±2.17  
62.08±2.28
AB
  
61.40±2.77A  
61.41A 0.252±0.06AB  
0.224±0.03 
0.231±0.04B  
0.235AB 1.81±0.20AB 
1.85±0.12
A
 
1.93±0.31AB 
1.86B 0.07±0.02  
0.06±0.001
A
 
0.06±0.01A 
0.06A 
R-Mb-R 0-10 
10-20 
20-30 
0.95±0.06AB ab 
0.92±0.04C b 
0.99±0.03B a 
0.96B 2.46±0.05  
2.48±0.05  
2.47±0.04B  
61.26±2.63 ab  
62.86±1.54A a  
59.77±1.54A b  
61.30A 0.234±0.02B  
0.230±0.03  
0.272±0.03A  
0.245AB 2.16±0.25A 
2.14±0.35A 
2.04±0.27A 
2.11A 0.06±0.01  
0.06±0.001A  
0.07±0.02A 
0.07A 
R-Mb-M 0-10 
10-20 
20-30 
1.11±0.03A ab 
1.00±0.01B b 
1.03±0.01B a 
1.01B 2.47±0.04  
2.46±0.06  
2.45±0.02B  
59.05±1.55  
59.32±1.46B  
58.01±0.33A 
58.79A 0.288±0.02A a  
0.256±0.03 b 
0.271±0.02A ab 
0.272A 1.91±0.31A 
1.85±0.16A  
1.60±0.25B  
1.78B 0.07±0.01  
0.06±0.01A  
0.07±0.001A  
0.07A 
1R-R-R, rice-rice-rice; R-M-R, rice-maize-rice rotation; R-Mb-R, rice-mung bean-rice rotation; R-Mb-M, rice-mung bean-maize rotation; BD, bulk density; PD, particle density; 
SP, soil porosity; PAWC, plant available water capacity; SI, stability index; S-index, Dexter’s physical soil quality index; *, soil parameters of 0-30 cm depth. 
Different letters in each column mean statistically significant differences at P < 0.05 using DMRT; A, B, C are the significant differences between the treatments of each depth; a, b, 
c are the significant differences between the depths within the treatment. Numbers follow ± symbol represent the standard deviations. 
 
 
 
 
 
Chapter 2 
43 
 
2.3.2 Bulk density (BD) and soil porosity (SP) 
Between the treatments at depth of 0-10 cm, BD was significantly higher for the 
cropping systems of rice with two upland crops (R-Mb-M) as compared to the rice 
mono culture (R-R-R) and was not significantly different compared to R-M-R and 
R-Mb-R. However, at depth of 10-20 and 20-30 cm, BD was significantly higher 
for R-R-R than all the other rotations. Across depths, BD in R-R-R was 
significantly higher (25-46%) at 10-20 and 20-30 cm compared to 0-10 cm (Table 
2.2), while no differences in BD with depth were perceived in rice and upland crop 
rotation treatments. 
    The changes in SP (Table 2.2) values were not significantly different in R-M-R, 
R-Mb-R and R-Mb-M when compared to R-R-R in the topsoil (0-10 cm). 
However, opposite to the top soil, SP of R-M-R, R-Mb-R and R-Mb-M were 
significantly higher compared to R-R-R at depth of 10-20 and 20-30 cm. The SP at 
0-10 cm depth of R-R-R was significantly higher than deeper depths, while the SP 
at 0-10 cm depth of R-M-R, R-Mb-R and R-Mb-M was not significantly different 
compared to depths 10-20 and 20-30 cm. Considering the top 30 cm, BD and SP 
were significantly affected by the cropping system with the highest value of BD 
(1.12 Mg m
-
³) and the lowest value of SP (54.67%) in R-R-R (Table 2.2). 
2.3.3 Soil strength  
The largest difference in soil strength between all treatments was observed at 20-
50 cm depth (Figure 2.1). At these depths, measured soil strength was 
substantially higher for R-R-R (~3.5 MPa) than the other cropping systems. This is 
probably due to the plow layer (hard pan) and the lower soil water content (as it is 
well known that drier soil shows greater strength). The soil strength did not 
increase under a depth of 50 cm.  
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Figure 2. 1 Soil strength and corresponding soil water content averaged for four 
replicates in rice-rice-rice (R-R-R), rice-maize-rice rotation (R-M-R), rice-mung 
bean-rice rotation (R-Mb-R), rice-mung bean-maize rotation (R-Mb-M). Bars 
represent standard deviations for each cropping system. 
 
2.3.4 Soil aggregate stability  
In this study, the stability index (SI; Table 2.2) was used as a measure of aggregate 
stability. The use of upland crops in the cropping systems showed an improvement 
in SI compared to rice monoculture. Indeed, all cropping systems of rice with 
upland crops had a significant higher SI than the intensive rice monoculture 
system, at all depths, except R-M-R at depth 0-10 cm. This higher of SI (26-50%, 
41-63% and 82-131% at depth of 0-10, 10-20 and 20-30 cm, respectively) in 
comparison with R-R-R was visible in R-M-R, R-Mb-R and R-Mb-M.  
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    In R-R-R, SI at depth of 0-10 and 10-20 cm was significantly higher than at 20-
30 cm depth. In cropping systems of rice with upland crops the difference in SI 
between the depths was less explicit, as the differences in SI were not significant 
at 0-10 cm compared to 10-20 and 20-30 cm depth. The cropping system also 
significantly affected SI at overall depth of 0-30 cm, with the highest value in R-
Mb-R (2.11), followed by R-M-R (1.86) and R-Mb-M (1.78), while R-R-R (1.21) 
showed the lowest value (0-30 cm) (Table 2.2). 
2.3.5 Dexter’s physical soil quality index (S-index) 
S index generally improved when introducing upland crops, with rice and upland 
crop rotation systems showing the highest S value across 0-30 cm depth and the 
intensive rice monoculture system the lowest (Table 2.2). Also, S index of R-R-R 
was significantly lower (15-18% and 43-51% lower for depth of 10-20 and 20-30 
cm, respectively) than all other treatments. However, the S index of R-R-R was 
not significantly different from that of the other treatments at 0-10 cm depth. 
    A significant decrease of the S index with depth was observed in R-R-R (28-
52% decrease for 10-20 and 20-30 cm depths). All other treatments showed no 
significant difference between the depths (Table 2.2). 
2.3.6 Plant available water capacity (PAWC) 
Plant available water capacity was not significantly different between cropping 
systems including rotations with upland crops and rice monoculture at 0-10 and 
10-20 cm depths (Table 2.2). At depth of 20-30 cm, cropping systems with rice 
and upland crops showed significantly higher PAWC (25-47% higher) than R-R-
R. In the treatments with upland crops, no significant differences in PAWC 
between the depths of 0-10, 10-20 cm and 20-30 cm were observed, in contrast 
with R-R-R were PAWC was significantly lower at 20-30 cm depth as compared 
to the top 20 cm. 
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    Comparison of overall PAWC in the top 30 cm data showed significant 
differences in R-Mb-M and R-R-R. However, we found no significant differences 
in PAWC among the cropping systems with alteration of paddy rice and one 
upland crop (R-M-R, R-Mb-R) or two upland crops (R-Mb-M). PAWC was not 
significantly different between treatments with two rice crops and one upland crop 
(R-M-R, R-Mb-R) and intensive rice monoculture (R-R-R) (Table 2.2). 
2.4 Discussion 
Preparing temporary beds in which soil was taken from below did not result in 
significantly different sand content in the top 30 cm. However, clay content of R-
R-R was significantly higher at depth of 20-30 cm than 0-10 and 10-20 cm depths. 
This can be due to repeated shallow tillage activity for rice mono-culture for more 
than 30 years prior to the experiment in which with time fine-textured soil material 
moves down with rain or irrigation water and gradually fill up the soil interstices. 
    Silt and clay content of treatments with upland crop rotations was not 
significantly different among depth due to eight years soil mixing when preparing 
temporary beds. Overall, the clay content of the soil in the study location was high 
(>60%), which makes them very susceptible for soil compaction and increased soil 
resistance in the subsoil (Inge and Jerzy, 2000). 
    The increment in SOC in cropping systems with rice and upland crops (see 
Chapter 3) might have contributed to the increase in soil porosity (Bhattacharyya 
et al., 2006), soil aggregate stability (Pagliai et al., 2004), S-index, PAWC 
(McGarry et al., 2000) and reduced susceptibility to soil compaction in 
particularly subsoil horizons (Table 2.2). The findings by Tesfay et al. (2012) on 
agriculture Vertisols in Ethiopia substantiated the importance of SOC as sensitive 
soil quality indicator. Zhao et al. (2013) also report SOC as good soil quality 
indicator for silt loam soil in China.  The higher BD and lower SP in the subsoil of 
R-R-R were due to the machine tillage carried out every rice crop season before 
sowing within the top 10 cm.  Though such compacted layer is typically aimed at 
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in paddy rice cultivation to minimize drainage losses, such shallow compacted 
layer may aggravate cropland degradation and lead to lower rice crop yield in the 
long term. Rotations with upland crops provide a higher rate of soil mixing, and 
thus BD and SP did not differ much with depth. This also illustrated the advantage 
of the temporary bed planting system in rotations with at least one upland crop in 
breaking down the compacted layer during bed preparation and the formation of 
more stable aggregates (Table 2.2). 
    The R-Mb-M treatment had a slightly higher BD (5-10% increases) than the 
other rotations with upland crops. With two upland crops, less residue results in 
less SOC (Chapter 3), which might increase BD as suggested by the high 
correlation between SOC and BD found in our experiments (r=-0.84). However, 
BD in this treatment was still within the optimum range (0.9-1.2 Mg m
-3
) for fine-
textured soils (Reynolds et al., 2007). Similar differences in BD due to differences 
in SOC have been observed for loamy soil by Reynolds et al. (2007) and for clay 
soil by Cotching et al. (2002). Although Reynolds et al. (2003, 2007) and Drewry 
(2006) suggest the 0.9 to 1.2 Mg m
-3
 range as optimal for crop production on fine-
textured soils, the upper limit in fine-textured soil is 1.25–1.30 Mg m-3 (McQueen 
and Shepherd, 2002), whereas root elongation becomes severely restricted in fine 
textured soil at BD values of 1.4–1.6 Mg m-3 (Jones et al., 2003). Ni (1995) 
reported that for clay soil, a BD value higher than 1.35 Mg m
-3
 entails 
susceptibility to compaction of the paddy subsoil layer which leads to limited root 
elongation and reduced rice crop yield. In our experiments, BD values at 20-30 cm 
of R-R-R treatment are approaching this limit. Hence, rice crop growth in this 
treatment is likely to be impaired by excessive soil BD. 
    Soil strength was significantly higher under R-R-R which can limit plant growth 
by restricting root elongation (Cotching and Belbin, 2007). The difference in soil 
strength between the cropping systems with upland crops was not significant. 
These findings are supported by the observed bulk density and total porosity. 
Overall, the soil strength values were very high which might partly be explained 
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by the high clay content but mainly by soil compaction. In the study of Cotching et 
al. (2002) on Vertisols with high clay content the penetration resistance increased 
to a mean value of 3.2 MPa at a depth of 60 cm. In our study location in the 
Mekong Delta, clay content was even higher compared with that of the study of 
Cotching et al. (2002), resulting in an even higher penetration resistance (between 
3 and 4 MPa at a depth of 60 cm). A penetration resistance above 2 MPa would 
slow down root penetration drastically (Lowery and Morrison, 2002). Changing 
rice monocultures to crop rotation systems with one or two upland crops would 
facilitate roots to penetrate more readily. In R-R-R, a substantial increase in the 
degree of compaction can be noticed from a depth of already 10 cm onwards, 
whereas in treatments with upland crops soil strength increased more gradually. 
The absence of frequent tillage and good aeration conditions in crop rotation 
systems with upland crops could enhance the soil porosity (Table 2.2) which leads 
to lower soil strength thereby reducing soil compaction. The compaction observed 
in the subsoil horizon below the cultivated layer in all treatments might be due to 
machinery used when preparing the land for rice year by year. Sharma and De 
Datta (1985a) have shown that long–term puddling forms a hardpan in the subsoil 
below the puddled layer of paddy fields.  
    SI value in R-R-R treatment at 20-30 cm depth was lowest (0.88) and more than 
30% lower compared to the upper layers. This may imply the higher sensitivity at 
20-30 cm depth of R-R-R to structural degradation induced from mechanical 
tillage in the top 10 cm. The introduction of cropping systems with upland crops 
showed an improvement in SI and hence PWAC compared to rice monoculture at 
all depths, but especially in the 20-30 cm depth. A significant higher amount of 
SOC, a lower soil BD and the absence of repeated mechanical tillage in cropping 
systems with upland crops compared to rice monoculture might explain its 
increase in SI and PAWC. We found a correlation r between SI and SOC of 0.52 
and the correlation was significant at the 0.01 level, leading to the conclusion that 
soils with high SOC are high in stable soil aggregate stability and low in soil 
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compaction (Kocyigit and Demirci, 2012). Such positive correlation was also 
reported by Elliot (1986) and Smith and Elliot (1990). The results are similar to 
those of Hobbs et al. (2008) who found aggregate stability to increase under 
reduced tillage with organic residue retention. According to Tisdall and Oades 
(1982) and Six et al. (2004), the most important factors affecting aggregation and 
stabilization of soil particles are organic matter and binding agents produced by 
microorganisms, root activities, soil fauna, inorganic binding agents and 
environmental conditions. Compaction forces soil particles closer together and 
increases the BD of the soil, resulting in larger pores being eliminated and loss of 
soil aggregation (Cotching and Kidd, 2010). Even though there existed a relation 
between SOC and SI, it was probably not causal because SOC seemingly is not a 
crucial binding agent in soil with clay content > 65%. Elevated SOC content by 
deeper soil mixing and improved SI by inclusion of dry soil periods, both under 
rice-upland crop rotations, could well be independent from one another. Overall 
the rather high SI values in our soils suggest good structural condition. This may 
be due to high clay content in soil. According to Kemper and Koch (1966) 
aggregates have been found to increase with increasing clay content. Further, Le 
Bissonnais (1996) and Amezketa (1999) reported that clay is one of the 
aggregating factors in soil acting as a cementing agent. Additionally, aggregate 
stability is also related to the organic carbon content; the higher soil organic 
matter, the higher is the stability of the soil aggregates (Cerdà, 2000; Kocyigit and 
Demirci, 2012). 
    For fine-textured soil, Cockroft and Olssen (1997) recommended that PAWC 
should be higher than 0.20 m³ m
-
³ to enable maximum root growth and to 
minimize susceptibility to ‘droughtiness’. The PAWC value at 20-30 cm of R-R-R 
was only 0.18 m³ m
-
³ and fell below the lower critical limit of 0.20 m³ m
-
³ which 
corresponds to the boundary between the risk and degraded categories for 
maintaining soil quality. These values are relevant for upland crop cultivation, 
particularly in the dry season, since lower PAWC values means that more 
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irrigation water is needed to meet the crops water requirements, or that even 
drought stress might ensue when the land is not optimally irrigated.  
    The higher SI and PAWC, lower BD
 
and soil penetration resistance as reported 
earlier might have also increased the S index in the rotations with upland crops. 
The S index, which is related to the structural porosity of soil, was proposed by 
Dexter (2004a) for temperate soils, but has also been used and validated for 
tropical soils by Tormena et al. (2008). This index, though sometimes contested, 
has been successfully used in several studies (e.g., Reynolds et al., 2009; Zhangliu 
et al., 2009; Silva et al., 2011). Our results showed that there was a linear S index 
increase with porosity and a linear decrease with the bulk density (r=-0.60) and 
this explains the lower S index values for R-R-R at the compacted layer (20-30 cm 
depth). Similar to these findings, Reynolds et al. (2009) found a high correlation 
between these two soil quality indicators for all types of soil texture, except for 
some sandy soils. The lowest S index at 20-30 cm depth for R-R-R treatment is 
supported by the observed bulk density, soil porosity, soil strength, soil aggregate 
stability and plant available water, and reflected the compacted layer at 20-30 cm 
depth of R-R-R treatment. 
    Cropping system effects were evident for several measured soil properties when 
considering data aggregated over the complete 0-30 cm layer. In rice and upland 
crop rotation systems, a better perceived soil physical quality was suggested by 
lower BD and soil strength, and greater SOC (Chapter 3), SI and S index. This is 
due to reduced soil compaction and increased SOC as a result of long term rotation 
rice with upland crops. In contrast, seasonal tillage probably resulted in greater 
compaction and BD at 20-30 cm in the R-R-R system. Although PAWC was not 
significantly different between rotations with two rice crops and one upland crop 
(R-M-R, R-Mb-R) and intensive rice monoculture (R-R-R) over 0-30 cm, 
numerical differences among R-M-R, R-Mb-R and R-R-R systems reflected the 
positive influence of systems with crop rotations on PAWC. 
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2.5 Conclusions 
Experiments after twenty-five cropping seasons (8 years) demonstrate that 
cropping systems of rice and upland crop rotations with temporary beds could 
improve soil quality compared to long-term intensive rice mono cultivation. 
Positive effects were demonstrated at all soil depths, especially at 10-20 and 20-30 
cm. These new cropping systems not only result in lower soil compaction within 
the root-zone but also enhance soil aggregate stability, S index and plant available 
water capacity. Cropping systems with rotations of rice and upland crops can be a 
possible solution to avoid further degradation of the paddy soil in the Mekong 
Delta. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
 52 
 
 
 53 
 
 
 
 
 
 
 
Chapter 3 
 
Inclusion of upland crops in rice-based rotations affects 
chemical properties of clay soil in dry season# 
 
 
 
 
 
 
 
 
 
 
 
 
 
# This chapter is based on: 
Linh, T.B., Sleutel, S., Elsacker, S.V., Guong, V.T., Khoa, L.V., Cornelis, 
W.M., 2015. Inclusion of upland crops in rice-based rotations affects 
chemical properties of clay soil. Soil Use and Management 31, 313-320.  
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3.1 Introduction 
Continuous rice planting can have a negative impact on soil properties (Cassman 
et al., 1995; Dobermann and Witt, 2000). With long-term submergence and 
mineral fertilizer application, paddy soils experience degradation of soil quality, 
such as breakdown of stable aggregation and deterioration of soil organic matter 
(SOM), which negatively affects agricultural sustainability (Boparai et al., 1992; 
Mohanty and Painuli, 2004). Organic matter quantity increases following 
prolonged submergence of soil, with the latter also changing the chemistry and 
quality of soil organic matter e.g. Chydrolysable, which influences nitrogen 
mineralization (Sahrawat, 2010). Chydrolysable content is considered a quick reactive 
indicator of soil productivity and soil health as well as an important supply of 
energy and nutrients for soil micro-organisms and it releases part of the nutrients 
for plant usage. It provides short-term organic matter turnover during the year 
(Strosser, 2010). Moreover, the effects of changes in soil management are 
observable sooner in Chydrolysable than in total SOC (Lee et al., 2009). 
    Over the past years, various cropping systems have been proposed and tested to 
preserve or improve soil quality. One of these systems is the rotation of 
economically viable crops (Wall, 2006; Fuentes et al., 2009). Crop rotations that 
include multiple crops often favor buildup of soil organic carbon as well as 
maintenance of various plant (micro)nutrient contents in comparison with 
monocultures (Robinson et al., 1996; Moore et al., 2000). Paddy rice - upland crop 
rotations have been recommended and used to improve soil quality and reduce 
inputs (Witt et al., 2000). 
    Rotations with strong tap root crops can alleviate soil compaction (Hamza and 
Anderson, 2005; Schjønning et al., 2015), resulting in an appropriate development 
of a deep and extensive root system and thus more root-derived C inputs into the 
subsoil. This may have impacted crop growth and yield. Several researchers 
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reported that rice yield increases with upland crop inclusion in rice based rotations 
and this practice promotes sustainable agriculture (Filizadeh et al., 2007; Song et 
al., 2012; Xuan et al., 2012; Mandal et al., 2014). Moreover, inclusion of upland 
crops, especially legumes, in crop rotations would help to restore the soil’s natural 
fertility and crop productivity explaining better crop yields. Rotations with legume 
crops can increase soil nitrogen availability for the cereal crop through symbiotic 
N2-fixation by the legume (Pierce and Rice, 1988) and improved nitrogen use 
efficiency (Lassaletta et al., 2014; Anglade et al., 2015). In addition, rotation of 
upland crops and rice with its flooded soils brings a transition in soil aeration 
status from anaerobic to aerobic and back to anaerobic. The frequent cycling 
between anaerobic and aerobic condition results in a greater rate of soil organic 
carbon decomposition (Xu et al., 2007; Motschenbacher et al., 2011). 
    In the Mekong Delta of Vietnam, where this study was conducted, three rice 
crops (winter-spring, spring-summer and summer-autumn crops) have been 
cultivated since 1980. After harvest of one rice crop, the soil is irrigated and the 
flooded soil tilled and puddled with a machine-driven plow before the next crop is 
planted. This is process occurs three times per year. The widespread stagnation 
and occasional decline in rice productivity over recent decades has become a 
matter of serious concern for intensive rice monoculture in the delta (Khoa, 2002). 
A decline in soil chemical fertility, among several other factors including soil 
physical quality (as discussed in Chapter 2), is thought to be responsible.  
    Field experiments provide the best means of studying the long-term fate of 
agricultural systems, and are of great help in formulating future strategies for 
maintaining soil quality (Swarup, 1998; Hati et al., 2006). We therefore evaluated 
changes in several soil chemical quality parameters (soil pH, electric conductivity, 
cation exchange capacity, soil organic carbon (SOC) content, a presumed labile 
SOC pool and total soil acidity) under long-term rotations of rice with upland 
crops in paddy fields.  
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    The intent of this study was to compare chemical properties in the dry season 
(spring-summer season) under rice-based crop rotations with the annual inclusion 
of one or two upland crops. We hypothesized that cropping systems with rotations 
of rice and maize or mung bean grown on temporary beds would improve soil 
chemical properties, and increase rice yield in the subsequent season in 
comparison with the rice monoculture system. 
3.2 Materials and methods 
3.2.1 Site description, field experiment and soil sampling 
Site description and field experiment was previously presented in Chapter 1 
section 1.5. Soil sampling was previously presented in Chapter 2 section 2.2.2. 
3.2.2 Soil analysis 
Disturbed soil samples were used for chemical analysis including soil pH(H2O), 
CEC, electrical conductivity (EC), total acidity (TA), SOC content and 
hydrolysable labile carbon (Chydrolysable). The pH of air-dried soil samples was 
measured in a 1:5 soil:deionized water suspension using a glass electrode 
(OKAION pH/mV/C0 meter, Eutech Instruments, Nijkerk, The Netherlands). The 
electrical conductivity of the soil (EC) was measured with an EC-meter (Schott 
Instruments D-55122, Mainz, Germany) on 1:5 soil:water suspensions. CEC was 
determined according to the method of Gillman (1979). Ba (from BaCl2) was used 
to remove the adsorbed cations, after which Ba was precipitated as BaSO4, with 
MgSO4. The amount of Mg ions was used to calculate CEC. Soil Organic Carbon 
(SOC) was determined by the Walkley and Black (1934) method assuming an 
oxidation efficiency of 75%. Acid hydrolysis by 6M HCl was used to quantify a 
relatively labile C pool (Silveira et al., 2008), calculated from the subtraction of 
6M HCl hydrolysis resistant C content from the total SOC content. For the 
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analysis of total acidity (cmolc kg
-1
), soil was extracted with 1M KCl and titrated 
by 0.01M NaOH (Begheijn, 1980).  
    SOC and Chydrolyzable stocks (Mg ha
-1
) were calculated for each soil depth 
increment as follows: SOC or Chydrolyzable stocks = SOC or Chydrolyzable concentration 
(%) x BD x d x 10,000, where d is the thickness of the soil layer (m), BD is bulk 
density (Mg m
-3
). The total rice grain and straw dry matter yield were also 
collected in the subsequent season when rice was grown in all treatments. 
3.2.3 Data analysis 
Data analyses were performed as described in Chapter 2. 
3.3 Results  
The soil pH ranged from 5.15 to 5.55 and was not significantly different between 
the three depth increments or four cropping systems treatments (Table 3.1). 
Electrical conductivity (EC) ranged from 404.0 μS cm-1 to 738.8 μS cm-1 and was 
not significantly different between cropping systems or depths, with the exception 
of R-Mb-M at 10-20 cm depth where EC was significantly smaller (404.0 μS cm-1) 
than in other rotations (Table 3.1). CEC in the 0-10 and 10-20 cm depth layers was 
significantly (P < 0.05) larger under the R-Mb-R and R-Mb-M compared with the 
R-R-R cropping system. R-M-R did not alter cation exchange capacity (CEC) 
relative to the other treatments. CEC did not differ significantly with depth within 
the same cropping system treatment, except for a significantly greater CEC for R-
R-R at 20-30 cm relative to the two upper layers (Table 3.1). Total acidity (TA) in 
the 0-10 and 10-20 cm depth layers was significantly less for cropping systems of 
rice with mung bean (R-Mb-R and R-Mb-M) than under rice monoculture (R-R-
R), while no significant differences between rotations were found at 20-30 cm 
depth (Table 3.1). 
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Table 3. 1 Influence of cropping system on soil pH, electric conductivity (EC), 
cation exchange capacity (CEC) and total acidity (TA) in three depth intervals 
(means ± standard deviations; n=4) 
Cropping 
systema  
Depth  
(cm) 
pH 
(-) 
EC 
(μS cm-1) 
CEC 
(cmol+ kg-1) 
TA 
(cmol kg-1) 
R-R-R 0-10 
10-20 
20-30 
5.35 ± 0.42 
5.27 ± 0.24 
5.50 ± 0.32 
661.6 ± 81.28  
623.9 ± 47.93A  
625.0 ± 60.93 
21.21 ± 0.44B b  
21.76 ± 0.81B b  
24.02 ± 1.73AB a  
0.421 ± 0.305A  
0.418 ± 0.323A  
0.227 ± 0.390 
R-M-R  0-10 
10-20 
20-30 
5.15 ± 0.19 
5.40 ± 0.15 
5.23 ± 0.04 
671.0 ± 140.55  
626.0 ± 49.48A  
711.9 ± 137.13  
22.90 ± 1.12AB  
23.21 ± 1.03AB  
22.19 ± 1.19B  
0.371 ± 0.099AB  a  
0.185 ± 0.102AB  b  
0.401 ± 0.061 a  
R-Mb-R  0-10 
10-20 
20-30 
5.30 ± 0.13 
5.32 ± 0.06 
5.21 ± 0.09 
738.8 ± 54.46  
614.8 ± 8.89A  
699.4 ± 172.29  
23.40 ± 1.74A  
23.84 ± 1.38A  
22.40 ± 0.93B  
0.133 ± 0.080BC ab  
0.063 ± 0.031B b  
0.230 ± 0.139 a  
R-Mb-M  0-10 
10-20 
20-30 
5.55 ± 0.18 
5.54 ± 0.18 
5.42 ± 0.26 
585.4 ± 73.83    a  
404.0 ± 58.31B  b  
525.0 ± 85.39    a  
24.48 ± 1.07A  
23.54 ± 1.55A  
24.50 ± 0.79A  
0.033 ± 0.029C  
0.062 ± 0.060B  
0.176 ± 0.109 
a R-R-R, rice-rice-rice monoculture; R-M-R, rice-maize-rice rotation; R-Mb-R, rice-mungbean-rice 
rotation; R-Mb-M, rice-mungbean-maize rotation.  
b Different letters in each column denote statistically significant differences at P < 0.05 according to 
Duncan’s multiple range test; Uppercase letters denote significant differences within each depth increment 
between the crop rotations; lowercase letters denote significant differences between the depth layers.  
 
    Stratification of soil organic carbon (SOC) with depth was significantly 
influenced by cropping system (Figure 3.1a). The topsoil (0-10 cm) SOC content 
was significantly larger under the R-R-R rotation compared with rotations of rice 
with upland crops, while the opposite trend was seen for the 10-20 cm and 20-30 
cm depth layers. When recalculated to SOC stocks per 10 cm depth increment a 
similar trend existed. Average SOC stocks were significantly greater in rice-
upland crop rotation systems (R-M-R, R-Mb-R and R-Mb-M) than in the intensive 
rice monoculture treatment (R-R-R) for the 10-20 cm and 20-30 cm depth 
increments, but not for the 0-10 cm depth layer (Figure 3.2a). 
    The results also showed a stratification of the SOC stocks within each treatment 
with smaller SOC stocks for deeper depth increments. This was particularly the 
case in R-R-R, where SOC content at 10-20 and 20-30 cm depth significantly 
decreased to 38-53% as compared to the upper depth (Figure 3.2a). Total SOC 
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over the entire 0-30 cm depth layer was significantly higher for the R-M-R and R-
Mb-R rotations than under R-Mb-M or R-R-R. 
 
(a) 
 
(b) 
Figure 3. 1 Influence of cropping system on soil organic carbon (SOC) (a) and 
HCl hydrolysable carbon (Chydrolysable) content (b)
 
for three depth intervals.  
R-R-R, rice-rice-rice monoculture; R-M-R, rice-maize-rice rotation; R-Mb-R, rice-mungbean-rice rotation; 
R-Mb-M, rice-mungbean-maize rotation.  
Different letters in adjacent columns within cropping system between the depth layers denote statistically 
significant differences at P < 0.05. 
 
The Chydrolysable content significantly decreased with depth across all treatments and 
was significantly smaller in the rice monoculture rotation than in the other 
cropping system treatments (Figure 3.1b and 3.2b). Remarkably, over the 0-30 cm 
depth layer, stocks of Chydrolysable in rice-upland crop rotation systems were from 
two to three times greater than under R-R-R. Expressed as a relative fraction of 
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SOC, the proportion of Chydrolysable was 4.4% for R-R-R and more than twice that 
under the rice-upland crop rotation systems (9.7 – 11.9%) (Figure 3.3). 
 
(a) 
 
 
                                                                       (b) 
Figure 3. 2 Influence of cropping system on soil organic carbon (SOC) stocks 
(a) and HCl-hydrolysable soil C (Chydrolysable) stocks (b) at 0-30 cm.  
R-R-R, rice-rice-rice monoculture; R-M-R, rice-maize-rice rotation; R-Mb-R, rice-mungbean-rice rotation; 
R-Mb-M, rice-mungbean-maize rotation.  
Different letters in each column denote statistically significant differences at P < 0.05 between cropping 
systems. 
 
All rotations with upland crops showed significantly greater rice straw yield than 
the intensive rice monoculture treatment. When comparing rotations of rice that 
included one or two upland crops (R-M-R, R-Mb-R, R-Mb-M) or rotations having 
different upland crops (R-M-R, R-Mb-R) no significant differences in rice straw 
yield were observed (Figure 3.4). 
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Figure 3. 3 Influence of cropping system on the percentage of the 0-30cm soil 
organic carbon stock that is hydrolysable in 6M HCl (Chydrolysable).  
R-R-R, rice-rice-rice monoculture; R-M-R, rice-maize-rice rotation; R-Mb-R, rice-mungbean-rice rotation; 
R-Mb-M, rice-mungbean-maize rotation.  
 
Figure 3. 4 Influence of cropping system on rice grain and straw yield. 
R-R-R, rice-rice-rice monoculture; R-M-R, rice-maize-rice rotation; R-Mb-R, rice-mungbean-rice rotation; 
R-Mb-M, rice-mungbean-maize rotation.  
 
Analogous to rice straw yield, grain yield of rice was significantly affected by 
cropping system. It was lowest in R-R-R treatment, whilst the largest record was 
from R-Mb-M treatment (Figure 3.4). Rice yield in the rotations with upland crops 
was 35 to 42% higher (6.1-6.4 t ha
-1
) compared with mono-cropped rice (4.5 tha
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but the differences between the three rotations with upland crops were not 
statistically significant. 
3.4 Discussion 
Over the eight consecutive cultivated years, cropping systems comprising rotations 
of rice and maize or mung bean (R-M-R, R-Mb-R and R-Mb-M) significantly 
raised topsoil (0-30 cm) CEC, SOC, Chydrolysable and reduced EC and soil total 
acidity compared to intensive rice monoculture (R-R-R). Despite higher amounts 
of TA in R-R-R, the soils did not show a lower pH. This can be explained by the 
high buffer capacity of the soil, owing to the very large clay content (~65%). For 
all treatments, CEC was medium to high (Brady and Weil, 2002) (between 21.2 
and 24.5 cmol kg
-1
). CEC increased with depth under monoculture rice cropping 
(R-R-R), although SOC decreased. The unexpected opposite evolutions of SOC 
and CEC with depth may be explained by progressively increasing clay content 
with depth in R-R-R (0-10 cm: 65%; 10-20 cm 68%; 20-30 cm: 70%) (Chapter 2). 
The reason for this increase in clay content is unknown but might be explained by 
a difference in clay content of the sediments deposited at different geological 
periods. Alternatively, it might be explained by downward movement of clay 
particles (Moorman and van Breemen, 1978; IRRI, 1985) with drainage of rain 
and irrigation water following soil dispersion caused by shallow puddling. In the 
cropping systems with rotations rice-upland crops on the other hand, small 
differences in clay content were probably removed during preparation of the 
temporary beds when soil was mixed. A significantly smaller SOC content but 
equal CEC for the 20-30 cm depth compared with the upper layers again points to 
the limited contribution of soil organic matter to soil CEC in these clayey soils. 
    After harvest, rice crop residues (roots + stubble) were left on the field. 
Flooding of the land every season in the case of R-R-R appears to have resulted in 
accumulation of organic matter, given the high 0-10 cm depth layer’s SOC level 
(Figure 3.1a). Likely, the microbial decomposition of the fibrous residues was 
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obstructed under anaerobic conditions prevailing under R-R-R, as has been 
reported before (Olk et al., 1995; 1996; 2009b; Kögel-Knaber et al., 2010). Guong 
et al. (2010) among others reported the specific accumulation of phenolic 
substances upon prolonged flooding. In line with these results, the 6M HCl-
hydrolysable SOC fraction in the 0-10 cm layer was twice or three times lower in 
the R-R-R plots than in the rice-upland crop rotation systems, in spite of a much 
larger SOC content in that depth layer under monoculture rice (Figure 3.2b). It is 
well known that acid hydrolysis with HCl is particularly ineffective in degradation 
of phenolic compounds, i.e. lignin and other polyphenols. Resistance to acid 
hydrolysis is not only limited to lignin, but also is a common property of most of 
the more recalcitrant organic polymers like suberin, cutin and waxes. These 
findings support the view that topsoil SOC accumulation under R-R-R results 
from slowed decomposition of lignin-rich residues. This is consistent with results 
of Kanema (2009), who found greatest Chydrolysable under maize, followed by other 
upland crops, and a large decline in Chydrolysable under monoculture rice.  
    When making the temporary beds in treatments with upland crops, the rice 
residues were completely mixed with the soil till a depth of 20-30 cm, which most 
likely resulted in much less stratification of SOC than under mono-cropped rice 
(Figure 3.1a and 3.2a). Bulk density in R-R-R was significantly greater (25-46%) 
at depths of 10-20 and 20-30 cm compared to the topsoil (0-10 cm) but there were 
no differences in bulk density with depth under rice-upland crop rotations 
(Chapter 2). This demonstrates the clear differences in depth of soil mixing 
between the rice monoculture and rice-upland crop rotation systems.  
    The end result is that, although anaerobic degradation of rice residues is slowed 
in submerged soil, 0-30 cm SOC stocks were elevated in rice-upland crop 
rotations that involved shorter periods of inundation. Relocation of crop residues 
to deeper soil layers therefore seems to exert a very considerable control on the 
dynamics of the SOC in paddy soils. Recently, Don et al. (2013) demonstrated that 
distributing organic matter throughout a soil volume reduces its degradability. The 
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larger SOC stocks at 0-30 cm under R-Mb-R and R-M-R systems were mainly due 
to greater SOC contents at 10-30 cm (Figure 2a), which is consistent with this 
theory. Yet, the apparent slowing of organic matter decomposition in the 10-30 cm 
layer could just as easily be related to diminished soil temperature or oxygen 
availability relative to the 0-10 cm layer above. In addition, an increased clay 
content or increased aggregation due to reduced tillage-induced disturbance of 
deeper layers could also explain accumulation of carbon relative to the topsoil.  
The current experimental layout did not allow for a conclusive analysis of these 
different hypotheses. Lastly, differences in organic matter supply through above- 
and belowground crop residues might be expected to explain the pronounced 
differences in 0-30 cm SOC stock between the crop rotations. However, nearly all 
above ground biomass from the upland crops was collected as feed for livestock 
after harvest and to facilitate land preparation for the next crop, resulting in a 
limited addition of crop residues to the soil. Indeed, the 0-30 cm SOC stock was 
significantly smaller in the case of the rotation with only one rice crop (R-Mb-M). 
The aerobic conditions during the two upland cropping seasons probably sped up 
mineralization of the limited supply of crop residues, as previously reported by 
Guong et al. (2010). We found no significant differences in SOC between the R-
M-R and R-Mb-R crop rotation treatments at any studied depth, indicating no 
considerable differences in supply of stable organic carbon from either maize or 
mung bean.  
    In our study, Chydrolysable stock and proportion under the R-R-R system were 
smaller than under rice-upland crop rotation systems although SOC levels were 
highest in the 0-10 cm depth layer of the R-R-R system. Stine and Weil (2002) 
found that Chydrolysable influences the mass and activity of microbial species that 
have the capacity to release mineral nitrogen. Long-term flooding under rice 
cropping season (9–10 months for R-R-R compared with 3 months for R-Mb-M 
and 6 month for R-M-R and R-Mb-R) may have resulted in accumulation of 
organic materials as lignin and phenolic compounds form (Olk et al., 1996). 
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Becker et al. (1994) reported that enhancement of phenol content is recognized to 
restrict nitrogen mineralization of crop residues in flooded paddy soils. In 
addition, Devevre and Horwath (2001) reported that fertilizer nitrogen is also 
stabilized into soil organic matter fractions and it may influence mineral nitrogen 
release. It can be explained by an enhance in N binding to lignin-derived phenols 
under prolonged anaerobic decomposition of crop residues, which may reduce its 
bioavailability, and thus inhibiting its mineralization (Schmidt-Rohr et al., 2004; 
Olk et al., 2009b). This might be one of the main reasons why local farmers have 
to apply increasingly more nitrogen fertilizer year by year to maintain rice yields 
(Khoa, 2002). It should be noted that Chydrolysable content showed a pronounced 
diminishing depth gradient in the R-M-R, R-Mb-R and R-Mb-M objects while this 
was not the case for bulk SOC content (Fig. 3.1a and b). This might be explained 
by the relatively better root distribution and higher biological stability of the soil 
organic matter in the subsoil compared to the 0-10 cm layer. 
    There were no differences in pH across the cropping system treatments. This 
can be explained by the high pH buffering capacity of these relatively young 
clayey soils of the Mekong floodplain. In contrast to pH, TA was less in rotations 
including upland crops than under monoculture rice. During field inundation for 
the rice cropping season, organic residues decompose under anaerobic conditions, 
which may produce toxic H2S, hence increase total acidity (Hung, 2009). 
Generally, saline soils are defined as those having an ECe value > 4 dS m
-1
 (Brady 
and Weil, 2002; Hazelton and Murphy, 2007). As ECe was not determined in our 
study, we estimated it from the measured EC1:5 values using a conversion factor of 
6.3, a factor based on previous data of topsoil EC1:5 and ECe collected by Khoa 
(2002) in the same study location to our experiment. This value was close to 5.8 
found by others for heavy clay textured soil (Slavich and Petterson, 1993; 
Hazelton and Murphy, 2007). Overall, the average ECe value of the top 30 cm in 
all treatments varied from 3.2 to 4.3 dS m
-1
, and thus the soil can be classified as 
none-saline to slightly saline. The lower EC in the specific case of the R-Mb-M 
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treatment might be explained by the salts being washed out from the soil because 
of the better drainage associated with the preparation of temporary beds for the 
two upland crops.  
    Cropping systems of rice and upland crop rotations with temporary beds could 
correct for subsoil compaction resulting from long-term intensive rice mono 
cultivation (Chapter 2). Also SOC and Chydrolyzable were significantly improved 
when introducing mung bean and maize in rice cropping systems as discussed 
above. The higher soil quality might have explained the higher rice grain and 
straw yields observed in rotation of rice with upland crops system in subsequent 
season (Figure 3.4). 
3.5 Conclusions 
    This study revealed improved chemical soil fertility in cropping systems with 
rotations of rice and upland crop compared to rice monoculture. As a consequence, 
also rice grain and straw yield was improved and hence their inclusion in rice-
based systems is recommended. Long-term rotations of rice with upland crops on 
alluvial soils with heavy clayey texture also strongly affected the depth 
stratification of SOC and Chydrolysable. Unlike the top 10 cm, almost all these 
parameters significantly improved at depths of 10-20 cm and 20-30 cm when 
rotating rice with upland crops. The storage of SOC under rice-upland crop 
rotation systems seems to be unlikely caused by an enhanced organic matter 
supply but rather relates somehow to deeper mixing of soil and burial of crop 
residues.  It would appear that under two upland crops (R-Mb-M) the doubled 
duration of aerated soil conditions and enhanced microbial degradation of crop 
residues and SOM is causing lower SOC levels compared to the R-M-R or R-Mb-
R rotations with one upland crop. This experiment stresses the need for depth 
differentiated soil sampling and analysis with recording of soil bulk density in any 
such effort to compare paddy soil rice monoculture and rice-upland crop rotation 
systems. 
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Linh, T.B., Sleutel, S., Guong, V.T., Khoa, L.V., Cornelis, W.M., 2015. Deeper 
tillage and root growth in annual rice-upland cropping systems result in improved 
rice yield and economic profit relative to rice monoculture. Soil & Tillage 
Research 154, 44-52. 
 
  70 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4 
71 
 
4.1 Introduction 
    In riverine floodplain areas worldwide, rice monoculture is intensifying towards 
double or triple annual rice crops. Continuous intensive monocultures of rice can 
lead to subsoil compaction, reduced topsoil quality and decline in rice yield. 
Because of long-term submergence, continuous rice growing has been found to 
yield an adverse impact on soil nitrogen supply (Pulleman et al., 2000; Norman et 
al., 2003), which can negatively affect agricultural sustainability (Dobermann and 
Witt, 2000). A few studies employing 
15
N NMR spectroscopy found prolonged 
anaerobic decomposition of crop residues to enhance N binding to lignin-derived 
phenols, which may inhibit its mineralization (Schmidt-Rohr et al., 2004; Olk et 
al., 2007, 2009b).  
    Soil puddling under saturated conditions with machinery is the standard soil 
preparation in lowland rice cultivation. After prolonged rice cultivation a 10-50 
cm plow layer (or hard pan) is thus formed below the puddle layer, preventing 
ponding water to drain further downward (Liu et al., 2001). While it limits water 
losses, subsoil compaction can be a major crop growth constraint in intensively 
cultivated paddy fields with clay soils being most susceptible (Gay et al., 2009). It 
limits rooting depth and root exploration (Rosolem et al., 2002), which might 
result in reduced uptake of water and nutrients (Bingham et al., 2010; Lipiec and 
Hatano, 2003). 
    In the Vietnamese Mekong Delta, where this study was conducted, soil quality 
for sustainable rice production is under considerable pressure, as in similar settings 
worldwide. Effects of different cropping systems with rotations of rice and upland 
crops like maize and mung bean on soil properties in the spring-summer season, 
i.e. the dry season when rice, maize or mung bean are cultivated, have been 
previously reported in Chapter 2 and 3. They showed an improvement of soil bulk 
density, soil strength, soil porosity, soil organic carbon, Chydrolyzable for cropping 
system with rotations of rice and mung bean and/or maize grown on temporary 
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beds compared to intensive rice monoculture. 
We hypothesize that growing upland crops as maize (Zea mays L.) and/or mung 
bean (Vigna radiata (L.) R. Wilczek) instead of rice (Oryza sativa L.) as in rice 
monocultures positively affect root growth and yield of rice grown in a subsequent 
season because of improved soil properties. The objective of this paper was to 
evaluate the effects of rotating rice with upland crops on soil properties at harvest 
in the winter–spring season, i.e. the late wet rice season, and to investigate how 
this affects yield components and yield of rice. The combination of a shallow 
puddle layer and triple annual crop exports bears an explicit risk of nutrient 
deficiency due to shallow rice rooting, an important parameter most often 
overlooked. Deeper tillage common in upland crops like maize and mung bean 
should loosen topsoil layers and allow for enhanced root growth and availability of 
nutrients, thus improving rice yield. At the same time, however, breaking up the 
plow pan of any paddy soil may result in irrigation water and dissolved nutrient 
losses, with on the opposite a detrimental effect on rice yields. In addition, with 
chemical fertilizer and pesticide use, paddy fields are considered to be the 
potential source of pollutants for water bodies. The present study measured a suite 
of soil physical and chemical traits after completion of a 10 year field experiment 
in the Vietnamese Mekong Delta with rice monoculture and three rice upland crop 
rotations. We explicitly determined rice root biomass within depth increments to 
assess the impact thereupon of upland crop inclusion in paddy rice based rotations. 
Evidently, economic benefit would be an important criterion for shifting from rice 
monoculture to new crop rotation systems with upland crops, and therefore net 
return and benefit-cost ratio was investigated as well. 
 
4.2 Material and methods 
4.2.1. Site description and field experiment 
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Site description and field experiment was previously presented in Chapter 1 
section 1.5.  
4.2.2. Soil sampling and crop measurements 
In the winter–spring season, rice was cultivated in all treatments. The beds of the 
prior season were removed and the soil surface was levelled. Samples were thus 
taken at the same soil depth for all treatments. Soil sampling and field 
measurements took place one day before rice was harvested in all treatments at the 
end of the winter–spring cropping season of the tenth experimental year. Detail of 
soil sampling procedure was previously presented in Chapter 2 section 2.2.2. 
    For rice crop measurement, at harvest four subplots of 5 m
2
 were harvested per 
cropping system and yield was standardized to tonnes ha
-1
 of total grain (14% 
moisture base) and straw dry matter yield. The grain yield relative to that of the R–
R–R (control = 100%) treatment was calculated for each crop rotation treatment. 
The height of rice, thousand grain weight, filled grain, grain per panicle and 
panicle number were determined from plants harvested from a sample area of 0.5 
m
2
 per subplot. Maximum rooting depth was determined per subplot by digging 
out and uprooting a single plant near its base after which the length of the longest 
root was recorded. Root biomass was determined on soil cores with two replicates 
per plot. To this end, a 30 cm deep cylindrical core with 10 cm diameter was 
pushed into the soil to collect an undisturbed soil sample. These soil samples were 
separately washed and roots separated using a set of sieves with mesh sizes from 1 
to 0.05 mm after they were cut once for 10 cm depth increment starting from the 
soil surface. Then roots were oven dried at 105 °C and their dry weight recorded. 
The root mass density was calculated by dividing mass of root by total volume of 
soil.  
4.2.3. Soil physical and chemical properties 
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The procedures used for soil physical and chemical analysis such as soil bulk 
density, particle density, total porosity, plant available water capacity, aggregate 
stability, pH, EC, CEC, total acidity, soil organic carbon,  carbon hydrolysable 
were described in Chapter 2 and Chapter 3.  
Macro porosity (MacP), defined as the volume of pores with pore neck > 0.3mm, 
was calculated as: MacP = θs – MatP, where θs (m³ m
-
³) is the saturated volumetric 
water content of the soil matrix and MatP is matric porosity, MatP = θm, where θm 
the volumetric water content at matric potential of –1 kPa according to Reynolds 
et al. (2007).  
4.2.4. Economic profitability performance 
According to Senkondo et al. (2004), economic analysis can provide information 
about the sustainability of a practice for increased productivity and enhanced 
resource use efficiency in a given period. Therefore, total cost, total income, total 
profit and benefit-cost analysis was carried out to compare the economic 
feasibility of the new cropping systems. The crop grain yield values form the gross 
income, while the total costs included the cost for seed, fertilizer, pesticide, 
herbicide, and labor for land preparation, seeding, sowing fertilizer, spraying 
pesticides, weeding, irrigation, harvesting, and post harvest operations (storage, 
transportation). The 2012 market price of each crop’s grain was obtained from the 
Department of Agriculture in Cai Lay district. The economic benefit was 
calculated based on a 1 ha field during the crop cycle year 2011–2012. A benefit–
cost ratio, which indicates the rate of return per unit of cost, was calculated as the 
divide between total income and total cost (Ramji and Gopal, 2001; Golam and 
Gopal, 2006). Benefit–cost ratio greater than 1 indicates that a cropping system is 
profitable.  
4.2.5. Data analysis 
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Analysis of variance (ANOVA) was conducted on all the agronomic parameters 
and soil properties with crop rotation and depth layer as fixed factors. Significant 
differences amongst individual depth increments or crop rotations were 
determined using Duncan’s multiple range test (P < 0.05). All statistical analyses 
were carried out with SPSS 20.0 (IBM Corp., 2011).  
4.3 Results 
4.3.1 Soil chemical properties 
Soil pH ranged from 5.4 to 5.6 and was not significantly different between depths 
or cropping systems (Table 4.1). EC ranged between 474 and 653 μS cm-1 (Table 
4.1) and was not significantly different between depths, while EC at 0–10 and 10–
20 cm depth was significantly lower (P < 0.05) in rotation systems with upland 
crops than in rice monoculture, except for R–M–R where the lower value was not 
significant. TA at 0–10 cm depth was significantly lower in the R–Mb–M rotation 
compared to other treatments, while no significant differences existed at 10–20 
and 20–30 cm depth. Topsoil (0–10 cm) CEC was significantly higher (P < 0.05) 
under R–M–R, R–Mb–R and R–Mb–M compared to R–R–R (Table 4.1) with no 
differences for the underlying layers. Across the three depth intervals, CEC 
increased significantly in R–R–R with depth (P < 0.05).  
    SOC stocks of all three depth increments differed significantly (P < 0.05) 
between the crop rotations (Fig 4.1a). It was lower under rice monoculture 
compared to rotations with upland crops at depths of 10–20 and 20–30 cm but on 
the opposite the 0–10 cm SOC stock was significantly higher. At all depths 
Chydrolyzable stocks were significantly higher in rice–upland crop rotations compared 
to rice monoculture (Fig. 4.1b). 
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(a) 
 
(b) 
Figure 4. 1 Influence of cropping system on soil organic carbon (SOC) (a) and 6 
M HCl-hydrolysable soil C stocks (Chydrolysable) (b) at 0–30 cm as measured after 
rice harvest at the end of the winter–spring cropping season of the tenth 
experimental year.  
R–R–R, rice–rice–rice monoculture; R–M–R, rice–maize–rice rotation; R–Mb–R, rice–mung bean–rice 
rotation; R–Mb–M, rice–mung bean–maize rotation. Different letters in each bar denote statistically 
significant differences at P < 0.05 between cropping systems. 
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Table 4. 1 Influence of crop rotation on soil properties for four cropping systems at three depths as measured after rice 
harvest at the end of the winter-spring cropping season of the tenth experimental year
 1 
Cropping 
system 
Depth 
(cm) 
pH 
(-) 
EC  
(μS cm-1) 
CEC 
(cmol+ kg-1) 
TA 
(cmol kg-1) 
PD  
(Mg m-3) 
SP  
(%) 
MacP 
(m3 m-3) 
PAWC 
(m3 m-3) 
SI 
(-) 
R–R–R  0–10 
10–20 
20–30 
5.43 ± 0.15 
5.48 ± 0.23 
5.56 ± 0.16 
653 ± 65A 
637 ± 71A  
620 ± 53 
21.74 ± 0.55B b 
22.02 ± 0.95   b 
24.21 ± 1.01A a 
0.490 ± 0.155A 
0.389 ± 0.229 
0.308 ± 0.234 
2.39 ± 0.04B b 
2.48 ± 0.03   a 
2.52 ± 0.02   a 
62.05 ± 0.98   a 
54.19 ± 2.38B  b 
47.87 ± 1.88B  c 
0.0371 ± 0.0024B a 
0.0346 ± 0.0037B a 
0.0228 ± 0.0072B  b 
0.239 ± 0.026   a 
0.231 ± 0.040   a 
0.167 ± 0.018B b 
1.42 ± 0.16C  a 
1.14 ± 0.19B a 
0.79 ± 0.10B b 
R–M–R  0–10 
10–20 
20–30 
5.49 ± 0.21 
5.61 ± 0.21 
5.51 ± 0.20 
611 ± 59AB  
604 ± 62AB  
589 ± 56  
23.23 ±  0.93A 
23.38 ± 1.26 
22.13 ± 0.89B 
0.414 ± 0.175A 
0.236 ± 0.095 
0.269 ± 0.154 
2.40 ± 0.07B b 
2.46 ± 0.02   a 
2.51 ± 0.03   a 
62.85 ± 0.83   a 
58.60 ± 0.89A   b 
56.73 ± 1.83A   b 
0.0539 ± 0.0090A 
0.0470 ± 0.0064A 
0.0450 ± 0.0035A 
0.245 ± 0.016 
0.236 ± 0.014 
0.258 ± 0.025A 
1.76 ± 0.25BC 
1.90 ± 0.15A  
2.00 ± 0.24A  
R–Mb–R  0–10 
10–20 
20–30 
5.44 ± 0.21 
5.52 ± 0.25 
5.53 ± 0.16 
544 ± 34BC  
540 ± 65B  
524 ± 87  
23.13 ± 0.91A 
23.45 ± 0.66 
22.98 ± 0.83AB 
0.367 ± 0.183AB 
0.261 ± 0.131 
0.164 ± 0.089 
2.43 ± 0.04B 
2.48 ± 0.03 
2.47 ± 0.06 
62.02 ± 2.12 
58.89 ± 4.54A 
55.34 ± 2.73A 
0.0505 ± 0.0071AB 
0.0509 ± 0.0046A 
0.0506 ± 0.0089A 
0.244 ± 0.014 
0.258 ± 0.017 
0.263 ± 0.023A 
2.04 ± 0.19AB 
2.02 ± 0.13A 
1.99 ± 0.36A 
R–Mb–M  0–10 
10–20 
20–30 
5.60 ± 0.17 
5.57 ± 0.22 
5.59 ± 0.30 
459 ± 71C 
520 ± 53B   
474 ± 112  
24.00 ± 0.89A 
23.51 ± 1.19 
23.73 ± 1.03AB 
0.172 ± 0.168B 
0.148 ± 0.100 
0.270 ± 0.193 
2.49 ± 0.03A 
2.45 ± 0.05 
2.46 ± 0.04 
59.99 ± 2.30   a 
59.67 ± 2.91A  a 
56.36 ± 2.25A  b 
0.0446 ± 0.0088AB 
0.0554 ± 0.0119A 
0.0496 ± 0.0081A 
0.262 ± 0.020 
0.261 ± 0.007 
0.250 ± 0.018A 
2.29 ± 0.38A 
2.01 ± 0.37A 
2.12 ± 0.41A 
1 R–R–R, rice–rice–rice monoculture; R–M–R, rice–maize–rice rotation; R–Mb–R, rice–mung bean–rice rotation; R–Mb–M, rice–mung bean–maize 
rotation. EC, electric conductivity; CEC, cation exchange capacity; TA, total acidity; PD, soil particle density; SP, soil porosity; MacP, macro-porosity; PAWC, 
plant available water capacity; SI, soil aggregate stability index . Different letters in each column mean statistically significant differences at P < 0.05 using 
Duncan’s multiple range test; A, B and C are the significant differences between the treatments of each depth; a and b are the significant differences between the 
depths within treatment. Numbers following ± symbol represent the standard deviations 
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Table 4. 2 Effect of crop rotation on plant height, thousand-grain weight, filled grain percentage, number of grain per 
panicle, number of panicle, rooting depth, root mass density and rice straw and grain yield as measured after rice 
harvest at the end of the winter–spring cropping season of the tenth experimental year 1 
Cropping 
system 
Plant height 
(cm) 
Thousand-grain 
weight (g) 
Filled grain 
(%) 
Grain per 
panicle 
Panicle  
no. m-2 
Rooting depth 
(cm) 
Root mass density 
(g m-2) 
Straw yield 
(tonnes ha-1) 
Grain yield 
(tonnes ha-1) 
R–R–R  65.4b 26.72ns 72.06ns 41.60b 729b 19.0b 91.11b 5.7b 4.80b 
R–M–R  73.6a 26.77 72.33 46.50a 887a 26.3a 154.60a 7.0a 6.33a 
R–Mb–R  73.8a 26.74 69.66 48.05a 866a 26.1a 147.80a 7.1a 6.30a 
R–Mb–M  74.5a 26.73 69.88 46.22a 895a 27.2a 156.15a 7.3a 6.52a 
1 R–R–R, rice–rice–rice monoculture; R–M–R, rice–maize–rice rotation; R–Mb–R, rice–mung bean–rice rotation; R–Mb–M, rice–mung bean–maize 
rotation. Different letters within columns denote statistically significant differences at P < 0.05 using Duncan’s multiple range test; ns: no significant 
differences.  
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4.3.2 Soil physical properties 
Bulk density increased significantly with depth in all cropping systems and was affected 
by cropping system (Fig. 4.2). At a depth of 0–10 cm, bulk density was significantly 
higher in the rotation of rice with two upland crops (R–Mb–M) as compared to the other 
three rotations. At 10–20 cm and 20–30 cm depth, bulk density was significantly higher 
under R–R–R than in the other crop rotations.  
 
Figure 4. 2 Influence of cropping system on soil bulk density as measured after rice 
harvest at the end of the winter–spring cropping season of the tenth experimental year.  
R–R–R, rice–rice–rice monoculture; R–M–R, rice–maize–rice rotation; R–Mb–R, rice–mung bean–rice rotation; R–
Mb–M, rice–mung bean–maize rotation. Bars represent standard deviations for each cropping system. 
Different letters within each depth layer denote statistically significant differences (P < 0.05) among the cropping 
systems. 
 
   Soil porosity was higher in the three rice upland crop rotations compared to R–R–R at 
10–20 and 20–30 cm depth. Soil porosity was also significantly lower in these depth 
increments compared to the 0–10 cm layer in case of the R–R–R, R–M–R and R–Mb–R 
rotations (Table 4.1). 
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    At depth of 20-30 cm, MacP and PAWC were significantly lower in the R–R–R 
treatment compared to the rice-upland crops rotations (Table 4.1). In the top 0–10 cm and 
0–20 cm little differences were present between the treatments for MacP and PAWC, 
respectively.  
    Profiles of penetration resistance showed no significant differences at depths shallower 
than 10 cm and greater than 45 cm (Fig. 4.3) between cropping systems. However, soil 
strength between 15 and 45 cm depth as indicated by penetration resistance, was 
significantly (P < 0.05) lower in the rice-upland crop rotations compared with R–R–R. 
 
Figure 4. 3 Soil strength and corresponding soil water content averaged over four 
replicates in rice–rice–rice (R–R–R), rice–maize–rice rotation (R–M–R), rice–mung 
bean–rice rotation (R–Mb–R), rice–mung bean–maize rotation (R–Mb–M). Both were 
measured after rice harvest at the end of the winter–spring cropping season of the 
tenth experimental year. Bars represent standard deviations for each cropping system 
(n = 4). 
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    Rice rotation with maize and mung bean (R–M–R, R–Mb–R and R–Mb–M) nearly 
always increased the soil aggregate stability index (SI) compared to the control treatment 
R–R–R by 26–50%, 41–63% and 82–131% at depth of 0–10, 10–20 and 20–30 cm, 
respectively. Only under R–R–R, the SI differed significantly with depth, with a lower 
value for the 20–30 cm depth than in the upper lying layers (Table 4.1). 
4.3.3 Yield components and rice yield 
In all three rotations with upland crops rice height, grain per panicle, panicle per square 
meter, rooting depth and root mass density were significantly (P < 0.05) higher than in 
the rice monoculture treatment. A closer look to root mass density reveals that they are 
most abundant in the top 0–10 cm (67–72%) for all rotations with upland crops, and 
depth increment 10–20 cm and 20–30 cm only contain 20–24% and 7–9% roots, 
respectively (Fig. 4.4). In case of R–R–R, roots are only present in the depth increments 
0–10 cm (84–88%) and 10–20 cm (12–16%). The 1,000 grain weight and the full grain 
percentage were not significantly different among the treatments (Table 4.2) nor were 
there differences in any of these parameters amongst the rice-upland crop rotations (Table 
4.2).  
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Figure 4. 4 Influence of cropping system on root mass density of rice as measured at 
the end of the winter-spring cropping season of the tenth experimental year.  
R–R–R, rice–rice–rice monoculture; R–M–R, rice–maize–rice rotation; R–Mb–R, rice–mung bean–rice rotation; R–
Mb–M, rice–mung bean–maize rotation. 
 
    Grain yield of rice was significantly affected by cropping system. It was 30–35% lower 
under R–R–R compared to the other crop rotations (Table 4.2), amongst which 
differences were minor. Rice straw yield (Table 4.2) and average grain yield in the 
winter–spring and summer–autumn season from 2002 till 2012 (Fig. 4.5) showed similar 
trends. The mean rice yield was significantly higher for winter–spring than for summer–
autumn cropping period. The reduction of rice yield in summer-autumn compared to 
winter-spring season may be due to increase in daily rainfall and decrease in sunshine 
hours during reproductive and grain filling phases. Moreover, the pollination of rice is 
limited in the rainy season and pests and diseases are more prevalent.  
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Figure 4. 5 Average rice grain yield from 2002 till 2012 in the winter–spring and 
summer–autumn season of the long-term filed experiment at Cai Lay district. 
rice–rice–rice (R–R–R), rice–maize–rice rotation (R–M–R), rice–mung bean–rice rotation (R–Mb–R), rice–mung 
bean–maize rotation (R–Mb–M). Bars represent standard deviations for each cropping system. 
4.3.4 Crop rotation influence on economic feasibility 
Table 4.3 shows the total costs on the one hand (input) and income on the other (output) 
with total profit and cost–benefit ratio for the different cropping systems and cropping 
seasons, and for a complete agricultural year. The results show that the total cost of rice–
upland crop rotation systems (R–M–R, R–Mb–R and R–Mb–M) was significantly higher 
than that of the R–R–R system. However, practicing rice monoculture clearly results in a 
much lower farm income per hectare than when applying a rotation farming system. The 
total income doubled for R–Mb–M or nearly doubled for the R–M–R and R–Mb–R 
treatments compared to R–R–R. 
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Table 4. 3 Total cost of cultivation, gross return, net return and benefit–cost ratio of 
different rice-based cropping systems (in USD ha
-1
) in the tenth experimental year 
1 
Crop season Cropping 
system  
Crop 
cultivation 
Total cost 
cultivation 
Gross 
return 
Net  
return 
B/C 
ratio 
Summer–
Autumn  
2011 
 
R–R–R Rice 712b 882c 169c 1.24c 
R–M–R Rice 712b 1,048b 335b 1.47b 
R–Mb–R Rice 712b 1,085b 372b 1.52b 
R–Mb–M Maize 1,085a 2,013a 928a 1.86a 
       
Winter–Spring 
2011–2012 
 
R–R–R Rice 654a 1,263b 609b 1.93b 
R–M–R Rice 654a 1,663a 1,008a 2.54a 
R–Mb–R Rice 654a 1,661a 1,007a 2.54a 
R–Mb–M Rice 654a 1,716a 1,062a 2.62a 
       
Spring–
Summer 
2012 
 
R–R–R Rice 739c 835c 96c 1.13b 
R–M–R Maize 1,097a 2,016a 919a 1.84a 
R–Mb–R Mungbean 845b 1,455b 610b 1.72a 
R–Mb–M Mungbean 845b 1,429b 584b 1.69a 
       
Whole 
agricultural 
year  
2011–2102 
R–R–R  2,106d 2,982d 875d 1.42b 
R–M–R  2,464b 4,727b 2,263b 1.92a 
R–Mb–R  2,212c 4,202c 1,990c 1.90a 
R–Mb–M  2,584a 5,159a 2,575a 2.00a 
1Mean with a same letter in a same column and crop season are not significantly different at P < 0.05 probability 
level. R–R–R, rice–rice–rice monoculture; R–M–R, rice–maize–rice rotation; R–Mb–R, rice–mung bean–rice 
rotation; R–Mb–M, rice–mung bean–maize rotation. B/C, benefit–cost ratio 
 
Regarding the total profit (net return), differences among the cropping systems was very 
large. The total profit was about tripled for rice rotated with maize and mung bean, and 
more than doubled when rotating rice with maize or mung bean, as compared to intensive 
rice monoculture. Accordingly, the benefit–cost ratio of rice-upland crop rotation systems 
was higher than that of traditional rice monocultures, with rotations of rice with two 
upland crops (R–Mb–M) economically being most efficient. 
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4.4 Discussion 
The rice yield of the different crop rotations was in the following order: R–R–R < R–
Mb–R = R–M–R = R–Mb–M (P < 0.05). The improved yield under rice upland crop 
rotation was accompanied by greater rice height, number of grains per panicle, and 
panicle number. These results are consistent with several other studies demonstrating rice 
yield increases with upland crop inclusion in rice based rotations (Filizadeh et al., 2007; 
Song et al., 2012; Xuan et al., 2012; Mandal et al., 2014). 
    Introduction of maize or/and mung bean in rice monoculture influenced several 
important soil properties positively (Table 4.1 and Fig. 4.3). Though insignificantly, 
upland crop inclusion raised the soil pH and lowered the EC compared to R–R–R. In all 
rotations EC values denoted non-saline conditions and pH values were optimal for rice 
(Sys et al., 1993) ensuring maximum nutrient availability, and the soils were thus 
generally suitable for crop growth (Fageria and Baligar, 1999; Issaka et al., 2004). 
Variations of rice yield in this study are probably not explained by variation in pH, EC, or 
TA because variation in these soil properties was minimal. It should be noted that the 
current pH measurements are thus only relevant to soil fertility for the subsequent upland 
crop and have little or no relevance for the growth of rice because in paddy fields, pH 
will always evolve towards neutrality after few weeks of submergence. 
    Our findings also showed these higher rice yields under R–Mb–R or R–M–R to 
coincide with increased stocks of SOC in spite of lower bulk density, and a higher degree 
of Chydrolysable. Lower rice and straw yields in the pro-longed rice monoculture compared 
to R–Mb–R, R–M–R (Table 4.2) firstly logically explain lower SOC levels in the former. 
The absence of a deeper mixing tillage in monoculture rice in addition likely resulted in 
specific lower crop residue C input into the 10–20 and 20–30 cm depth (Chapter 3). This 
would explain their higher SOC stock in the R–M–R and R–Mb–R rotations. On the 
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other hand, the total annual period with aerobic soil conditions is longer in the rice-
upland crop rotations, i.e. the maize or mung bean seasons, during which organic matter 
decomposition should be promoted, with consequent lower SOC levels. Indeed, in the R–
R–R system, rice residues remained visibly un-decomposed from one rice-growing 
season to the next, which was not the case in the rice-upland crop rotations. This 
confirms previous reports that anaerobic conditions reduce decomposition of organic 
residues by Pulleman et al. (2000) and Norman et al. (2003). In line, Motschenbacher et 
al. (2011) indicated that instead, frequent cycling between anaerobic (flooding) and 
aerobic condition (none flooding) of rice and upland crop rotation can result in a greater 
rate of organic manure decomposition. In addition, a change in soil organic matter quality 
was denoted by the much lower fraction of 6 M HCl hydrolysable C in the R–R–R 
rotation compared to the others, suggesting a relative higher biological stability of the soil 
organic matter under continuous intensive rice. In contrast to all of this as explained 
above, the 10–30 cm SOC stocks were nonetheless higher under the R–M–R and R–Mb–
R rotations than under R–R–R (Fig. 4.1). This seemingly contradictory result may be 
explained if we assume that the increased crop productivity and related C-inputs in these 
rice-upland crop rotations must have exceeded increases in annual soil C-mineralization 
compared to triple rice cropping. In case of R–Mb–M, the non-irrigated period was even 
longer and it would appear that the resulting increased loss of C by prolonged aerobic soil 
organic matter decomposition was in balance with the higher root-C biomass inputs. 
Consequently, there was no SOC accumulation under the R–Mb–M compared to the R–
R–R crop rotation. 
    Higher diversity of soil microbiological communities and activities due to SOC storage 
in crop rotation systems similar to our experiment have been reported to result in an 
increase of rice yield (Dung et al., 2010; Dung, 2012; Xuan et al., 2012). Hence, it might 
be argued that elevated SOC levels favored soil nitrogen supply (Stine and Weil, 2002), 
which in turn would have increased rice crop yields under R–Mb–R and R–M–R.  
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However, this reasoning would not hold for the R–Mb–M rotation, where SOC levels 
remained at a pair with the R–R–R treatment and other explanations need to be looked at. 
As will be discussed below reduced root penetration must additionally have restricted 
root-derived C inputs into the 20-30 cm depth under R–R–R. 
    One of the main positive effects of inclusion of upland crops in a previously 
monoculture managed paddy field was the lifting of soil compaction in the 10–30 cm 
depth layer, as was clear from a marked drop in bulk density from 1.3 Mg m
-3
 under R–
R–R to just 1.0 Mg m-3 and in addition by a nearly halving of the penetration resistance 
(Fig. 4.3). As a consequence, roots were found to grow deeper and more densely (Table 
4.2 and Fig. 4.4). This should have resulted in better nutrient availability and plant 
uptake, as was indirectly suggested by improved rice yields. Under R–R–R on the 
contrary, the frequent puddling till 10–15 cm depth maintained the existing shallow plow 
pan, already starting from 10 cm downwards (Fig. 4.3). The bulk density at 20–30 cm 
exceeded the limit of 1.25–1.30 Mg m-3, above which plant growth can be constrained in 
fine-textured soil (McQueen and Shepherd, 2002) (Table 4.2 and Fig. 4.4). Under the 
studied rotations of rice with upland crops bulk density was always <1.2 Mg m
-3
 and 
penetration resistance was <1.5 MPa at depths greater than 25 cm, indicating that rice 
roots should likely still grow through this layer without difficulty (Cass, 1999).  
    It therefore seems very likely that lifted crop productivity in the rice–upland crop 
rotation primarily stems from improved soil physical conditions and root growth. 
Rotations of rice with one or two upland crops furthermore increased MacP and SI at 10–
20 and 20–30 cm depth, while soil strength was >1.5 MPa at depths greater than 25 cm 
under R–R–R. 
    A negative correlation (r = –0.85) between SOC and bulk density, and positive 
correlation of SOC and SI (r = 0.82) might suggest a relation between SOC storage and a 
more stable and porous soil structure. However, given the relatively smaller role of soil 
organic matter as a binding agent in these clay soils, these correlations are probably 
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indirect. Although the upland crops of each rotation were different (maize or/and mung 
bean), mung bean is a dicot plant with a tap root system while maize is a monocot plant 
with a fibrous root system (Daniel and Peter, 1995; Grunewald et al., 2007), these 
systems showed alike soil quality, root growth, yield components and rice yield 
improvement. This indicates that it is the breaking down of the compacted layer during 
bed preparation and creation of good aeration conditions that enhance rice yields. 
    Under R–Mb–R, R–M–R and R–M–Mb there was deeper rooting (Table 4.2) and root 
biomass (Fig. 4.4) was by a third higher in the 0-10 cm depth, doubled in the 10–20 cm 
and lifted from absent to 119–134 kg dry matter ha-1 in the 20–30 cm depth, relative to 
R–R–R. The hypothesis that essentially rice-upland crop rotations improve rice yield 
through improved physical quality of subsoil was directly confirmed through our 
quantification of root biomass in different depth increments. In general, however, 
quantifications of root biomass are still scarce due to labor-intensive sampling and root 
washing. This study clearly demonstrates that a shallow rooting depth is the bottleneck 
limiting rice productivity in the Mekong Delta and not differences in soil chemical 
properties, nor water availability. Indeed rice roots generally grow shallow, i.e. not over 
0.3 m depth (Jaquie et al., 2012) and rarely exceed 0.4 m depth in continuously flooded 
fields (IRRI, 1997). In the present field experiment, root biomass was limited below even 
just 19 cm depth under R–R–R, which probably explains why root proliferation when 
rotating with upland crops into the 10–20 cm and the 20–30 cm depth increment already 
had such a pronounced on rice growth and yield. This outcome clearly demonstrates that 
studying root biomass is key to understand effects of soil tillage management and crop 
rotation on crop performance in paddy soils. Our recording of root biomass was restricted 
to the 0–30 cm depth but it seems likely that deeper root growth would have been enabled 
as well in rice-upland crop rotations, considering the pronounced lowering of soil 
penetration resistance in the 30–50 cm depth. 
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    In many circumstances it is, however, expected that alleviation of subsoil compaction 
in paddy soils should have a detrimental effect on rice growth or at least on profit due to 
higher percolation losses of irrigation water and dissolved nutrients, which require 
compensation. The irrigation doses were similar in all treatments and even then still 
higher yields were achieved in rice-upland crop rotations. The combination of clayey 
soils (66% clay) with inherent low hydraulic conductivity, and an annual high 
precipitation of 1,500 mm and adequate irrigation water available from the Mekong River 
kept the plant water supply sufficient. This combination of factors apparently clearly 
allows for sustainable paddy rice cropping in combination with upland crops. Penetration 
resistance below 60 cm depth was still greater than 2.5 MPa under all cropping systems 
and is probably a prerequisite to limit excessive leaching losses. Generation of such a 
deeper plow pan would not require any extra effort since the subsoil is already 
sufficiently compacted in the area, where paddy fields are most often several decades old. 
    Mung bean and maize growth were estimated to hold higher total costs because their 
cultivation is more labor intensive with raised beds to be prepared and a more demanding 
harvest as compared with rice. Nonetheless, a greater benefit–cost ratio was achieved 
with the systems involving maize and mung bean (R–Mb–M, R–M–R and R–Mb–R) 
because the market price of mung bean and maize is always higher than that of rice, 
although the prices of these agricultural products can change due to supply-demand 
relation and inflation. Moreover, crop rotations of rice and upland crops did improve rice 
yield, with either maize or/and mung bean in rotations having a positive effect. The 
lowest gross return, net return and benefit–cost ratio was instead estimated for the R–R–R 
system (Table 4.3). This matches findings based on a rice–upland crop survey conducted 
in Cho Moi district, An Giang province, by Nguyen and Guong (2010). The similar 
trends found in that study proof that the findings of this study, though based on data from 
one year only, are consistent and not greatly affected by market prices that vary over 
years due to supply–demand relation and inflation. Bastia et al. (2008) and Mandal et al. 
Chapter 4 
90 
 
(2014) also reported a better net economic return with rice and upland crop rotation 
systems.  
    For comparison, the average salary of administrative or technical personnel in the 
study area is around $2,000 a year. It is 2.3 times higher than the income of farmers from 
cultivating rice, which amounts to about $875 a year (Table 4.3)). Farmers that are 
instead growing rice-upland crop rotation systems can receive higher income, which is 
approximately equal to the average salary of administrative or technical personnel. 
However, the income from rice or upland crop farming is just a part of the farm 
households’ income. According to the farmer, family members supplement farm incomes 
by cultivating a fruit garden, animal husbandry or working as handicraftsman at home.  
4.5 Conclusions 
Our findings provide evidence that including upland crops in rice rotations with 
temporary beds could correct for the loss in physical quality of soil resulting from long-
term intensive rice mono-cultivation, especially at depths of 10–20 and 20–30 cm. These 
new cropping systems significantly expand the root zone but also enhance soil aggregate 
stability and soil organic carbon. As a consequence, root growth, rice yield and net return 
was improved and hence their inclusion in rice-based systems is recommended, at least in 
the Vietnamese Mekong Delta. Breaking up the existing plow pan by deeper soil 
preparation in upland crop growing may have detrimental effects in other soil 
texture/climate combinations e.g. coarse textures or in dry climate may increase water 
and nutrient leaching, and require further investigation. This study did not yet show the 
true reason for improved crop growth upon deeper tillage, but it seems evident that plant 
access to specific (micro)nutrients below the shallow and previously possibly depleted 
puddle layer is involved. The depth profile and plant uptake of important often depleted 
nutrients for rice (K, Ni, Cu, Zn and B) should be investigated in long-term field 
experiments that compare monoculture and rice–upland crop rotations. 
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Alleviating soil compaction under rice-upland crop rotations 
leads to increased nutrient availability and rice yield# 
 
 
 
 
 
 
 
# This chapter is based on: 
Linh, T.B., Sleutel, S., Qui, N.V., Vien, D.M., Khoi, C.M., Guong, V.T., Khoa, L.V., 
Cornelis, W.M., 2016. Alleviating soil compaction under rice-upland crop rotations leads 
to increased nutrient availability and rice yield. Soil & Tillage Research. Submitted.  
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5.1 Introduction 
Intensive monoculture-based crop production can cause a decline of soil quality, while its 
preservation is vital to sustaining and improving long-term agricultural productivity 
(Karlen et al., 2008; Jill et al., 2011). Indeed, the ultimate result of intensive tillage in 
every rice crop season is the development of a plow pan closer to the soil surface over 
time, with reported pans starting at ~ 15 cm depth and extending to 50-60 cm (Chapter 2 
and 4). In general, the majority of rice roots penetrate to a depth of about 25 cm in case of 
unrestricting conditions (Sharma et al., 1994) and so the macro and micro-nutrient 
availability may be suboptimal when a shallow plow pan is present. This nutrient 
deficiency would be aggravated by the common cumulative mining of nutrients in Asian 
rice monoculture, uncompensated by imbalanced fertilizer application.  
    Deficiency of micronutrients during the last three decades has grown in both 
magnitude and extent because of increased use of macronutrient inorganic fertilizers, use 
of high yielding crop varieties and increase in cropping intensity (National Food Security 
Mission, 2000). Besides macronutrients, micronutrients such as zinc, boron and to a 
limited extent iron, manganese, copper and molybdenum have also been reported to be 
deficient. For example, analyses of more than 100,000 soil samples from different agro-
ecological zones of India showed 41.7% cases of Zn deficiency and 12% cases of Fe 
deficiency, whereas deficiency of Mn and Cu was less conspicuous (Singh and Saha, 
1995). The reduction of SO4 to H2S in flooded soils further limits the availability of Cu 
and Zn. Indeed, Cu and Zn may form insoluble sulphide (such as CuS, ZnS) under strong 
reducing conditions, with a phenomenal reduction in the uptake of these nutrients. In 
another study in different agro-ecological zones all over India, Savithri et al. (1998) 
showed that Zn doses to correct Zn deficiency varied from 2.5 to 22 kg ha
-1
; 5.3 kg Zn ha
-
1
 proved to be optimum and economical, resulting in a maximum rice yield increase of 
4.8 t ha
-1
.   
    Our recent research performed on a test paddy field site in the Vietnamese Mekong 
Delta indicated that soil quality was improved by introducing upland crops in rice 
cultivation and thus a more diverse crop cultivation pattern (Chapter 2, 3 and 4) and that 
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rice yields were 32-36% higher compared to rice monoculture. Deeper tillage in these 
rice-upland rotations broke up the existing plow pan and root development was enhanced 
significantly. Clearly, under such circumstances improvement of soil physical properties 
has a major impact on rice yields. Since plant water supply is obviously non-limiting in 
these paddy soils, most evidently nutrient shortages with shallow rooting depth should be 
considered but the nature of these shortages is unknown. Particularly so because most 
often information on actual depth distribution of roots is missing. Yet the causal 
relationship between crop performance and enhanced soil traits in rice-upland crop 
rotations remains elusive. 
    In the present study, as a first objective, we compare total (N, S) and plant-available 
(P, K, Ca, Mg, Fe, Mn, Cu, Zn, B, Ni) levels of nutrients and Si in soil depth intervals 
that are penetrated by roots under monoculture rice and rice-upland rotations in the field 
experiment previously presented in Chapter 4. A second objective was to expand 
(Chapter 4)’s assessment of relationships between soil properties and rice growth, rice 
yield and evaluate the economic benefit for all three growing seasons after long-term 
installment of different paddy rice-based cropping systems.  
5.2 Materials and methods 
5.2.1 Experimental site and treatments 
Site description and field experiment was previously presented in Chapter 1 section 1.5.  
5.2.2 Soil sampling, field measurements and economic profitability performance 
Soil sampling procedure was previously presented in Chapter 2 section 2.2.2. 
Field crop measurements were performed as described in Chapter 4 (section 4.2.2). 
The economic benefit was calculated as described in Chapter 4 (section 4.2.4) to compare 
the economic feasibility of the cropping systems during the crop cycle year from 2002 to 
2012. 
5.2.3 Determination of soil properties  
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The procedures used for soil physical and chemical analysis and measurements such as 
soil bulk density, total porosity, macro-porosity, soil penetration resistance, aggregate 
stability, soil organic carbon, carbon hydrolysable were described in Chapter 2, 3 and 4.  
    Macro and micro-nutrient elements N, P, K, S, Ca, Mg, Fe, Mn, Si, B, Cu, Ni, Zn were 
determined for all depth layers. The soils were extracted by NH4-acetate EDTA at pH 
4.65 to estimate plant-available P, K, Ca, Mg, Fe, Mn, Si, B, Cu, Ni, Zn (Cottenie et al., 
1982). The extracts were analyzed for their elemental concentrations by a 6300-radial 
ICP-OES spectrometer (Thermo-Scientific, US). Total N and S was determined by dry 
combustion elemental analysis with a LECO TruMac CNS (LECO inc., US). 
5.2.4 Data analysis 
Analysis of variance (ANOVA) was used to compare rice yield and economic profit and 
soil nutrient stocks between the rotations. Differences amongst individual treatments 
were determined using Duncan’s multiple range test (P < 0.05). To test the relationships 
between the measured plant parameters and soil properties, Pearson’s correlation 
coefficients were calculated for individually sampled soil depths. A discriminant analysis 
was used to identify those variables that best differentiate between the low and high-yield 
groups. All analyses were performed using the statistical package SPSS version 20.0 
(IBM Corp., 2011). 
5.3 Results 
5.3.1 Rice production and soil physical quality relationships after 10 years of rotation 
There were no significant correlations among measured soil parameters such as BD and 
PO at 0–10 cm depth and rice yield and rice plant parameters such as rice height, panicle 
number, rooting depth and root mass density (Fig. 5.1).  
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Figure 5. 1 Pearson’s correlation coefficients between plant growth parameters and 
soil physical properties per depth increment (n=16).  
BD, bulk density; PO, porosity; PR, penetration resistance; SI, stability index; MP, macro porosity; RH, rice height; 
PN, panicle number; RD, rooting depth; RMD, root mass density; SB, straw biomass; Yield, grain yield. Suffix 10, 
20 and 30 in Y-axis labels denote the 0-10cm, 10-20cm and 20-30cm depths, respectively. 
 
    However, PR and SI were strongly negatively and positively, respectively, correlated 
with almost all plant parameters. In contrast, at depth of 10-20 cm and 20–30 cm, positive 
correlations (P < 0.01, r > 0.7) existed with PO, MacP and SI, and negative correlations 
between BD, and PR and rice yield and plant parameters. The 0-30 cm SOC stock did not 
relate to any of the plant parameters, while Chydrolysable showed a strong positive 
correlation with all (P < 0.01) (Table 5.1). In summary, soil with low BD and PR, and 
high PO, SI, MacP and 0-30 cm Chydrolysable stocks showed high rice height, panicle 
number, rooting depth, root mass density, straw biomass and rice yield (P < 0.01) (Table 
5.1 and Fig. 5.1). Besides, the investigated plant parameters, including root and yield 
parameters, were all strongly correlated with grain yield and with each other (always P < 
0.01) (Table 5.1). 
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Table 5. 1. Pearson’s correlation coefficients (r) between plant growth parameters and 
soil organic carbon (SOC) and acid-hydrolysable carbon stocks (kg m
-2
) (Chydrolysable) of 
the 0-30 cm depth layer. 
 SOC Chydrolysable Rice 
height 
Panicle 
number 
Rooting 
depth 
Root mass 
density 
Straw 
biomass 
Grain 
yield 
SOC  1        
Chydrolysable  .11 1       
Rice height .06 .83
**
 1      
Panicle number .08 .81
**
 .85
**
 1     
Rooting depth .14 .86
**
 .93
**
 .90
**
 1    
Root mass density .20 .89
**
 .95
**
 .84
**
 .94
**
 1   
Straw biomass .03 .83
**
 .96
**
 .79
**
 .92
**
 .94
**
 1  
Grain yield .15 .87
**
 .94
**
 .83
**
 .95
**
 .95
**
 .92
**
 1 
* and ** indicate significant differences at P < 0.05 and 0.01, respectively. 
 
5.3.2 Soil nutrients in the rooting zone 
Nutrient stocks of the 0-19 cm root-zone of the intensive rice monoculture system (R-R-
R) were always significantly lower than those of the 0-27 cm rice-upland crop rotation 
systems (R-M-R, R-Mb-R, R-Mb-M) (Fig. 5.2). Rooting zone stocks of all nutrients 
increase 1.11 to 1.94 times in the R-M-R, R-Mb-M and R-Mb-M systems compared to R-
R-R. Particularly the R-Mb-R and R-Mb-M stocks of K and Zn were nearly double 
compared to R-R-R. The 0-10 cm layer of the R-R-R rotation was most strongly 
significantly (P < 0.05) depleted in K, Zn, Mn, Si, while Ca, Mg, Fe, Cu, B and Ni were 
at levels comparable to the 10-20 cm layer or 0-10 cm layer of the other rotations (Table 
5.2 and 5.3). Soil N and S were significantly (P < 0.05) enriched in the R-R-R 0-10 cm 
layer when compared with R-M-R, R-Mb-R, R-Mb-M (Table 5.2). The 20-30 cm layer of 
the R-R-R system also had low levels of Fe and P but was relatively enriched in Si and to 
a lesser extent B compared to the above lying depth increments. Tillage for upland crop 
soil preparation homogenized nutrient levels in the rice-upland crop rotations with equal 
distribution of all nutrients over the three sampled depth increments. 
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         (a)                                                                (b) 
 
 
(c) 
 
Figure 5. 2 Depth distribution of soil nutrient stocks in the 0-30cm depth layer as a 
function of crop rotation, with indication of the nutrient stock present in the root 
growing zone per rotation in grey. N, S: total soil stocks; All other elements: presumed 
plant-available stocks measured in 0.5M NH4-acetate EDTA at pH 4.65 (n=4). Note 
different Y-axis ranges for all graphs.   
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Table 5. 2  Influence of crop rotation on soil macronutrient stocks for three depth increments (means ± standard 
deviations in g m
-2
, n=4) 
Cropping system Depth (cm) Nb P K Ca Mg S 
R–R–Ra  0–10 
10–20 
20–30 
262.7 ± 6.7  A a 
179.0 ± 44.0    b 
145.8 ± 13.7B b 
5.8 ± 0.6  A a 
2.1 ± 1.6      b 
0.1 ± 0.02B c 
12.0 ± 0.4B c 
18.6 ± 1.4    b 
20.7 ± 0.8    a 
263.0 ± 7.7      c 
325.5 ± 18.4A b 
369.8 ± 7.6  A a 
112.5 ± 2.9  B a 
155.1 ± 14.8A b 
199.2 ± 9.5  A a 
76.5 ± 2.3A 
58.4 ± 8.4 
65.1 ± 17.2 
 
R–M–R  
 
0–10 
10–20 
20–30 
 
217.1 ± 13.4B 
208.1 ± 43.9 
247.0 ± 29.7A 
 
5.1 ± 1.2A 
3.8 ± 1.4 
4.4 ± 1.0A 
 
18.7 ± 4.2A 
19.4 ± 1.4 
20.9 ± 1.9 
 
262.3 ± 8.9         c 
296.5 ± 10.2AB b 
312.6 ± 20.4B    a 
 
111.4 ± 3.5B b 
134.7 ± 8.0B a 
137.3 ± 5.2B a 
 
60.2 ± 3.7B 
59.1 ± 9.9 
68.0 ± 3.3 
 
R–Mb–R  
 
0–10 
10–20 
20–30 
 
214.7 ± 19.4B 
230.9 ± 37.9 
257.7 ± 24.2A 
 
3.7 ± 0.3B 
4.9 ± 3.3 
4.3 ± 1.6A 
 
17.9 ± 0.6A 
20.2 ± 1.7 
25.1 ± 6.7 
 
270.5 ± 15.7 
292.3 ± 32.7AB 
319.5 ± 22.7B 
 
114.1 ± 5.4  B b 
127.7 ± 12.3B ab 
136.7 ± 10.0B a 
 
55.5 ± 6.6B 
62.0 ± 6.9 
67.6 ± 3.2 
 
R–Mb–M  
 
0–10 
10–20 
20–30 
 
222.8 ± 12.6B 
237.2 ± 21.3 
231.4 ± 30.6A 
 
2.6 ± 0.9B b 
3.9 ± 1.5    a 
2.8 ± 1.0A ab 
 
19.8 ± 2.0A 
20.0 ± 2.6 
23.0 ± 3.6 
 
280.3 ± 18.1 
282.5 ± 19.0B 
307.1 ± 20.9B 
 
125.9 ± 6.6A ab 
120.5 ± 8.5B b 
134.4 ± 8.7B a 
 
69.3 ± 8.1A 
66.3 ± 9.3 
70.3 ± 9.5 
a R-R-R, rice-rice-rice monoculture; R-M-R, rice-maize-rice rotation; R-Mb-R, rice-mung bean-rice rotation; R-Mb-M, rice-mung bean-maize rotation.  
b Different uppercase  letters in each column denote statistically significant different means between the rotations per depth increment at P < 0.05 according to 
ANOVA and Duncan’s multiple range test;  Lowercase letters denote significant differences between depth increments within each crop rotation. 
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Table 5. 3. Influence of crop rotation on soil micronutrient stocks for three depth increments (means ± standard 
deviations in g m
-2
, n=4) 
Cropping 
system 
Depth 
(cm) 
Feb Mn Si B Cu Ni Zn 
R–R–Ra 0–10 
10–20 
20–30 
59.7 ± 2.7A a 
37.6 ± 19.0  b 
9.80 ± 1.7C c 
  4.2 ± 0.5 B c 
11.6 ± 2.4A b 
24.4 ± 3.4A a 
1.7 ± 0.1C c 
3.7 ± 0.5A b 
7.6 ± 1.7A a 
0.018 ± 0.001    b 
0.043 ± 0.013A b 
0.100 ± 0.025A a 
0.44 ± 0.02    c 
0.63 ± 0.08A b 
0.78 ± 0.04A a 
0.23 ± 0.004AB 
0.22 ± 0.04 
0.22 ± 0.03B 
- 
0.24 ± 0.29  
0.05 ± 0.11 B 
 
R–M–R  
 
0–10 
10–20 
20–30 
 
55.4 ± 7.8AB 
50.6 ± 12.2 
56.4 ± 8.2A 
  
 6.7 ± 0.7 A 
  9.5 ± 3.9AB 
  7.8 ± 0.6B 
 
2.3 ± 0.2A 
3.1 ± 1.2AB 
2.6 ± 0.2B 
 
0.017 ± 0.003 
0.032 ± 0.016AB 
0.024 ± 0.002B 
 
0.38 ± 0.07 
0.50 ± 0.10AB 
0.47 ± 0.07C 
 
0.20 ± 0.01B 
0.23 ± 0.03 
0.23 ± 0.02B 
 
0.16 ± 0.31 
- 
0.14 ± 0.28B 
 
R–Mb–R  
 
0–10 
10–20 
20–30 
 
48.5 ± 3.5BC 
50.6 ± 11.8 
56.1 ± 11.7A 
  
 6.6 ± 0.4A b 
  7.6 ± 0.4B ab 
  8.0 ± 1.0B a 
 
2.2 ± 0.1AB 
2.5 ± 0.3B 
2.7 ± 0.4B 
 
0.020 ± 0.005       b 
0.026 ± 0.005AB ab 
0.031 ± 0.009B    a 
 
0.38 ± 0.07       b 
0.52 ± 0.08AB a 
0.59 ± 0.04B    a 
 
0.20 ± 0.01B b 
0.23 ± 0.03    b 
0.27 ± 0.02A a 
 
0.13 ± 0.25    b 
-                       
0.71 ± 0.13A a 
 
R–Mb–M  
 
0–10 
10–20 
20–30 
 
44.0 ± 7.9C 
48.9 ± 8.6 
41.4 ± 9.0B 
   
7.3 ± 0.6A 
  6.8 ± 0.9B 
  7.6 ± 0.3B 
 
2.0 ± 0.3BC  b 
2.2 ± 0.1B    ab 
2.4 ± 0.2B    a 
 
0.033 ± 0.019 
0.023 ± 0.004B 
0.025 ± 0.003B 
 
0.49 ± 0.10 
0.45 ± 0.10B 
0.39 ± 0.08C 
 
0.24 ± 0.03A 
0.20 ± 0.04 
0.18 ± 0.03B 
 
0.14 ± 0.27 
0.16 ± 0.31 
0.15 ± 0.18B 
a R-R-R, rice-rice-rice monoculture; R-M-R, rice-maize-rice rotation; R-Mb-R, rice-mung bean-rice rotation; R-Mb-M, rice-mung bean-maize rotation.  
b Different uppercase  letters in each column denote statistically significant different means between the rotations per depth increment at P < 0.05 according to 
ANOVA and Duncan’s multiple range test;  Lowercase letters denote significant differences between depth increments within each crop rotation. 
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5.3.3 Effect of crop rotation on rice grain yield and economic profit sequence 
The evolution of rice yield per season from 2002 to 2012 is depicted in Fig. 5.3. 
Substantial long-term improvements in rice yield were observed with inclusion of 
upland crops in the rotation, although a period of at least three years was required 
before the difference became significant in both the winter–spring and the 
summer–autumn season. Over 10 years, the average rice yield recorded in the 
winter–spring season was 5.8, 6.0 and 6.3 t ha-1 for R–M–R, R–Mb–R and R–Mb–
M, respectively, and always significantly (P < 0.05) higher than the R–R–R yield 
(4.9 t ha
-1
). A very similar trend existed for the summer–autumn season with an 
increase in rice yields for rotations with one upland crop (4.1 and 4.3 t ha
-1
 for R–
M–R and R–Mb–R, respectively, vs. 3.1 t ha-1 for R–R–R). In case of the R–Mb–
M rotation, not rice but maize was cultivated instead in that season. Overall, rice 
yield in each year and each season was significantly higher (P < 0.05) in R–Mb–
M, followed by R–M–R and R–Mb–R when compared to R–R–R in all years after 
three years of rotation.  
    Rice-upland crop systems also yielded a significantly higher (P < 0.05) total 
profit than intensive rice monoculture (Table 5.4). Over the 10 years trial, 
rotations of rice with one upland crop (mung bean or maize) had 10-35% lower net 
return than rice rotated with two upland crops (mung bean and maize). Overall, the 
yearly income was higher in rice-upland crop rotations, with a similar trend for the 
10 years mean income.  
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(b) 
 
Figure 5. 3 Grain yield of rice for winter–spring season 2002–2003 to 2011–
2012 (a) and summer–autumn season 2002–2011 (b), at the experimental site.  
R–R–R is rice–rice–rice, R–M–R is rice–maize–rice, R–Mb–R is rice–mungbean–rice, R–Mb–M is rice–
mungbean–maize. Bars represent standard deviations for each cropping system (n=4). Note that no data 
are given for the R-Mb-M in panel (b) since no rice but maize was cultivated in the Summer-Autumn 
seasons.  
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Table 5. 4 Long-term evolution in total cost of cultivation, gross return, net 
return and benefit-cost ratio of different cropping systems (in USD ha
-1
)
a
 
Year Cropping 
system 
Total cost Gross 
return 
Net 
return 
B/C ratio 
2002–2003 R–R–R 1,039d 1,302d 264b 1.25c 
 R–M–R 1,187c 2,110b 923a 1.78a 
 R–Mb–R 1,379b 1,613c 234b 1.17d 
  R–Mb–M 1,475a 2,433a 957a 1.65b 
2003–2004 R–R–R 1,113d 1,464d 351c 1.32d 
 R–M–R 1,279c 2,489b 1,211a 1.95a 
 R–Mb–R 1,349b 1,894c 545b 1.40c 
  R–Mb–M 1,476a 2,641a 1,164a 1.79b 
2004–2005 R–R–R 1,309d 1,745d 436d 1.33d 
 R–M–R 1,554b 2,794b 1,240b 1.80b 
 R–Mb–R 1,546c 2,456c 910c 1.59c 
  R–Mb–M 1,688a 3,189a 1,501a 1.89a 
2005–2006 R–R–R 1,686d 1,969d 283d 1.17d 
 R–M–R 1,953b 3,474b 1,522b 1.78b 
 R–Mb–R 1,827c 2,798c 971c 1.53c 
  R–Mb–M 2,010a 3,896a 1,886a 1.94a 
2006–2007 R–R–R 1,678d 2,024d 347c 1.21c 
 R–M–R 1,992b 3,778b 1,786a 1.90a 
 R–Mb–R 1,905c 2,961c 1,056b 1.55b 
  R–Mb–M 2,202a 4,016a 1,814a 1.82a 
2007–2008 R–R–R 1,909d 2,586d 677d 1.35c 
 R–M–R 2,182b 4,663b 2,481b 2.14a 
 R–Mb–R 2,106c 3,867c 1,762c 1.84b 
  R–Mb–M 2,421a 5,074a 2,652a 2.10a 
2008–2009 R–R–R 2,052d 2,737d 685d 1.33c 
 R–M–R 2,388b 4,618b 2,229b 1.93a 
 R–Mb–R 2,254c 3,910c 1,655c 1.73b 
  R–Mb–M 2,611a 5,069a 2,457a 1.94a 
2009–2010 R–R–R 2,033d 3,001d 969c 1.48b 
 R–M–R 2,346b 5,028b 2,682a 2.14a 
 R–Mb–R 2,178c 4,509c 2,330b 2.07a 
  R–Mb–M 2,511a 5,397a 2,887a 2.15a 
2010–2011 R–R–R 2,074d 2,988d 914d 1.44c 
 R–M–R 2,379b 4,801b 2,422b 2.02ab 
 R–Mb–R 2,176c 4,297c 2,121c 1.97b 
  R–Mb–M 2,520a 5,297a 2,777a 2.10a 
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2011–2012 R–R–R 2,106d 2,982d 875d 1.42b 
 R–M–R 2,464b 4,727b 2,263b 1.92a 
 R–Mb–R 2,212c 4,202c 1,990c 1.90a 
  R–Mb–M 2,584a 5,159a 2,575a 2.00a 
Mean (10 
years) 
R–R–R 1,700d 2,280d 580d 1.33c 
R–M–R 1,972b 3,848b 1,876b 1.93a 
R–Mb–R 1,893c 3,251c 1,358c 1.68b 
R–Mb–M 2,150a 4,217a 2,067a 1.94a 
aMeans with a same letter within a column and year are not significantly different at P < 0.05. R–R–R, 
rice–rice–rice monoculture; R–M–R, rice–maize–rice rotation; R–Mb–R, rice–mung bean–rice 
rotation; R–Mb–M, rice–mung bean–maize rotation. B/C, benefit–cost ratio (Gross return/ Total cost).  
5.4 Discussion 
5.4.1 Multi-year trends in productivity and economic benefit  
Considering the long term evolution (10 years) of rice yield, in general, rice crop 
performed consistently better in all seasons for all rotations with at least one 
upland crop. The main reason for the difference in rice yield between winter–
spring and summer–autumn seasons (Fig. 5.3) may be caused by differences in 
climatic conditions between two seasons (Dan et al., 2015). Similarly, the slight 
variations observed within a given season might result from small differences in 
climatic conditions between years. Rice yield gradually increased after three years 
of implementing those rotations and reached stable values from later years 
onwards. On the contrary, under the rice monoculture system, rice yield was 
stagnant and even declined sometimes.  
    Likewise, highest economic profit was attained with the systems involving rice-
upland crop rotation. This was due to higher rice yield and a better market price of 
maize and mung bean as compared to rice (Bernhard et al., 2014). Net income was 
shown to increase significantly with the crop rotation systems compared to rice 
monoculture, with a similar trend to rice yield. In general, the workload for all 
cropping systems included land preparation, seeding, sowing fertilizer, spraying 
pesticides, weeding, irrigation, harvesting, and post harvest operations (storage, 
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transportation). However, labour costs for mung bean and maize were higher as 
compared with rice because their cultivation is more labour intensive with raised 
beds to be prepared and a more demanding harvest. On average, the labour input 
per ha had increased from 65 person days for rice crop season to 95 person days 
for upland crop season. Nevertheless, the profit over costs (B/C ratio) of rice–
upland crop rotation farming systems was higher than that of the traditional mono 
rice cropping system (Table 5.4). Improvements of rice yield in R–M–R, R–Mb–R 
and R–Mb–M systems required a period of at least three years of cropping before 
they became significant. This was probably because after the first three years, soil 
quality improvement was still at an early stage and thus could not cause a 
significant difference in rice yield. Here below we discuss potential explanations 
for improved productivity in rice-upland crop rotations.  
5.4.2 Relations between rice yield parameters and soil physical quality 
The increases in rice rooting depth and root mass density in upland-rice rotations 
relative to the R-R-R control were strongly associated with a decrease in BD and 
PR, and an increase in PO, MacP, SI at 20–30 cm depth and Chydrolysable stocks 0-30 
cm (Fig. 5.1 and Table 5.1). These relations could be explained by the at least the 
partial breaking of the plow pan at depth of 20-30 cm of the deep mixing tillage 
practice for maize and mung bean cultivation as discussed in Chapter 4. 
     Rice roots were mostly concentrated in the top 0–10 cm under the rice 
monoculture system, while, as depicted in Fig. 5.4, rice roots became longer and 
denser under the newly introduced crop rotation systems. Hence, it was clear that 
the presence of a shallow plow pan developed by continuous rice monoculture 
with intensive tillage led to high BD and high penetration resistance which 
restricted root growth, and thus probably nutrient uptake by the plant (Sharma, 
2006). It should also be noted that the positive effects of rice–upland crop rotation 
on rice root and rice plant parameters, and yield were only discerned at 10–20 and 
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20–30 cm depth; plant parameters were not correlated with topsoil properties (0–
10 cm depth) (Fig. 5.1).  
 
 
Figure 5. 4 Root distribution under rice crop season for different cropping system. 
 R–R–R (rice–rice–rice), R–M–R (rice–maize–rice rotation), R–Mb–R (rice–mungbean–rice rotation), R–
Mb–M (rice–mungbean–maize rotation). Bars represent standard deviations for each cropping system. 
     
    In addition, plant parameters were not correlated with SOC stocks at 0–30 cm 
depth, while they had great positive correlations (P < 0.01) at the same depth with 
soil organic matter quality expressed in terms of Chydrolysable (Table 5.1). This 
suggests that rice growth and yield was affected not only by soil compaction as 
reflected by BD, PO, PR, MacP and SI, but also by soil organic matter 
decomposition degree (i.e., Chydrolysable) but not SOC content. Rice growth and 
yield both clearly decreased with increasing soil compaction at 20-30 cm, 
consequently leading to a decrease in continuity of soil pores and reduction in 
MacP and SI of the plow pan at depth 20–30 cm. Rice yield was also dependent on 
rice root growth, which was in turn directly associated with changes in soil 
properties such as BD, PO, PR, MacP, SI and Chydrolysable stocks. With respect to 
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the latter, prolonged inundation has been found to result in accumulation of 
phenolic lignin residues (Olk et al., 2009b) in paddy fields. A higher degree of 
chemical degradability of the SOM (i.e. higher proportion of Chydrolysable) in the R-
Mb-R, R-M-R and R-Mb-M soils on the opposite is caused by prolonged aerated 
soil conditions during cultivation of the upland crops. Schmidt-Rohr et al. (2004) 
found that phenolic lignin residues were bound covalently with N in a humic acid 
fraction. A causal relation between Chydrolysable and plant performance indicators 
might thus be manifested through concomitant elevated N-release with 
decomposition of the more labile SOM in the rice-upland rotations and lower 
binding degree of N to polyphenols. This interpretation is consistent with previous 
studies of Guong et al. (2010a, b) in the same experimental fields that 
demonstrated that the rotation of rice with upland crops resulted in significantly 
greater contents of soil mobile humic acid (MHA), labile organic nitrogen, N 
mineralization and soil available N supplying capacity compared to intensive rice 
monoculture systems. In addition, using labeled urea fertilizer (
15
N) to 
discriminate soil-N from fertilizer-N taken up by rice showed that there was more 
soil mineral N taken up in rotation systems compared to rice monoculture system 
(Guong et al., 2010a, b).  
    A stepwise discriminant analysis with the 4.5-5.1 t ha
-1
 yield plots vs. the >6 t 
ha
-1
 plots, furthermore selected Chydrolysable next to PR and SI as non-redundant 
discriminating variables, with standardized canonical discriminant function 
loadings of 0.564; -0.679; 0.715. It is, however, just as well possible that these 
correlations between Chydrolysable and plant performance indicators are indirect, via 
mutual covariation with soil physical indices.  
5.4.3 Plant nutrient depth distributions 
The soil nutrient status assessment via NH4-acetate EDTA extraction and 
elemental analysis yielded specific insight in potentially plant growth limiting 
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elements. According to Tan et al. (2005), rice exports 14.6 kg N t
-1
, 2.6 kg P t
-1 
and 
2.7 kg K t
-1
. So on average, triple rice grown in the present experiment removed 
185 kg N ha
-1
 yr
-1
, 33 kg P ha
-1
 yr
-1
, 34 kg K ha
-1
 yr
-1
. Given the adequate N and P 
supply via mineral fertilizer in the established field trial, deficiency of other 
elements than N and P seems more likely. Levels of Ca, Mg and P were all within 
ranges recommended by Cottenie et al. (1982) or Fairhurst et al. (2007), also 
within the 0-10 cm soil layer of the R-R-R rotation. The accumulation of some 
nutrients such as Ca, Mn, Si, Cu in the subsoil (10-20 and 20-30 cm) of the rice 
monoculture system can be explained by their limited uptake with shallow rice 
roots confined to the puddle layer in R-R-R. Cottenie et al. (1982) considered 
<160 mg K kg
-1
 as low for heavy textured soils and so 0-10 cm K levels in the R-
R-R rotation could be considered potentially growth-limiting.  
    As South Asian farmers at least partly remove rice straw after harvest, a 
negative K balance is getting prominent, particularly because rice straw is very 
rich in K (17 kg K t
-1
; Tan et al., 2005). The same applies to Si, with Si balances 
often being negative (-150 to -350 kg Si ha
-1
 crop
-1
) in intensive rice systems 
(Dobermann and Witt, 2000). Indeed, straw was partly removed (about 25%), 
resulting in an extra 70 kg K ha yr
-1
 and 269 kg Si ha yr
-1 
exported. K was applied 
at a dose of 30 kg K2O ha
-1
 crop
-1
 or 72 kg K ha
-1
 yr
-1
, i.e. just insufficient to 
compensate grain and straw exports. The 0-10 cm soil layer of the R-R-R rotation 
contained 129-140 mg K kg
-1
 and at these levels indeed a K-deficiency is possible.  
Particularly so because Mg levels were very high in all soil layers (1200-1600 mg 
Mg kg
-1
) and the resulting very high Mg:K ratio is known to aggravate K-
deficiency, even in soils with large K content (Fairhurst et al., 2007). In addition, 
K fixation may be also prominent given the high clay content with dominance of 
muscovite (phyllosilicate, mica group) in the study area. Si levels were always 
below the recommended 40 mg Si kg
-1
 by Fairhurst et al. (2007), extracted in 1M 
Na-acetate pH 4. The presented Si levels were here determined in 0.5 M NH4-
acetate EDTA pH 4.65, which, however, likely correspond well.  
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    The Ca, Mg, Fe, Mn, Cu and B stock in the 0-19 cm layer, accessed by roots in 
the R-R-R rotation, was lower of that in the 0-27 cm rooting layer under the rice-
upland crop rotations (Fig. 5.2). Although rooting zone stocks of Ca, Mg, Fe, Mn, 
Cu were at sufficient levels, according to limits set by Cottenie et al. (1982), 
correlations existed (P < 0.01, r
2
 = 0.55-0.93) between these and rice yield (Table 
5.5). Perhaps such relations with rice yield were consequently indirect through 
mutual correlations with soil physical parameters and rooting zone stocks of other 
deficient nutrients. Levels of B measured here could not be directly interpreted 
since the common procedure for B determination is hot water extraction. 
 
Table 5. 5 Pearson’s correlation coefficients between rice yield and soil nutrient 
stocks of the root-zone (n = 16)  
 N P K Ca Mg S Fe Mn Si B Cu Ni Zn 
Yield 0.91 0.47 0.93 0.95 0.96 0.94 0.74 0.88 0.82 0.77 0.86 0.88 0.32 
Significance * ns * * * * * * * * * * ns 
* indicate significant differences at P < 0.01, ns: not significant at the 0.01 level. 
 
    Rice yield of rice-upland crop systems may have been particularly strongly 
limited by availability of Zn (Table 5.3), next to the above discussed potential Si 
and K deficiencies. Zn deficiency can reduce cereal yields to drop as much as 
50%. Zn was highly deficient in all depth increments over all crop rotations and 
far below the critical limits of <0.5 mg Zn kg
-1
 (in 0.5 M NH4-acetate EDTA pH 
4.65) set by Cottenie et al. (1982) and 0.6 mg Zn kg
-1
 measured in 1M NH4-acetate 
pH 4.8 extracts, proposed by IRRI (2007). Moreover, under anaerobic conditions, 
Zn availability may be even further lowered because its solubility decreases as pH 
rises by consumption of protons in reductive processes. With repeated continuous 
flooding eventually insoluble Zn sulphates and carbonates form. No significant 
relation could be found between rooting zone extractable Zn stocks and rice yields 
(Table 5.5), possibly because Zn levels were frequently below the detection limit 
of ICP-OES analysis of soil extracts. Notwithstanding this, the additional Zn stock 
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supplies due to deeper rooting very likely promoted rice yields in rice-upland crop 
rotation systems relative to the control R–R–R. 
    Thus, alleviating soil compaction and cropping system management will make 
an important contribution to increasing soil nutrition stocks and increasing the rice 
yield. It should be noted that Zn deficiency is considered the most widespread 
nutrient disorder in lowland rice (Quijano-Guerta et al., 2002). Indeed, Zn 
deficiency was realized as plant nutritional problem throughout rice growing 
countries such as Phillipines, Japan, USA and Brazil (Deb, 1992). At least 70 % of 
the rice crop is cultivated in flooded conditions resulting in increment in P and 
bicarbonate concentration which reduces soil Zn availability to the rice crop. 
According to Cakmak (2008) about 50% of paddy soils are Zn deficient with 35% 
in Asia only. Improved micronutrient management can help to further increase rice 
yield potential. Sudhalakshmi et al. (2007) reported that Zn supply in the form of 
fertilizer increases rice yield.  
    In the present Vietnamese Mekong Delta field, particularly Zn, K and Si seem 
to require attention. A remediation recommended by IRRI (2007) is to broadcast 
10-25 kg ZnSO4.H2O ha
-1
 and blanket 5-10 kg Zn application every 2-8 crops. In 
the long term Si deficiency is prevented by not removing straw or alternatively by 
regular application of 1-3 t ha
-1
 calcium silicate (IRRI, 2007). Fertilizer K2O rates 
need to take into account both soil stocks as well as straw return rates. At 4-5 t ha
-1
 
rice straw remaining in the present field, IRRI (2007) recommends doses of 30 kg 
fertilizer K2O per ha for each ton of target grain yield increase over an unfertilized 
control. The latter is not known for the present experiment, but in the event only K 
is yield limiting, increasing the R-R-R rotation’s yield up to a par with the rice 
upland crop rotations would thus require about 50 kg K2O ha
-1
 year
-1
. Assuming 
an average price of 1$ per kg of K, such investment would certainly raise net 
returns. It should also be noted that the uptake of almost all macro and micro 
nutrients was furthermore likely to be inhibited by high concentrations of Fe in the 
soil, as demonstrated in a study made by Fageria and Rabelo (1987). Besides K, 
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Zn, Cu, and B supply, Savithri et al. (1998) found that management strategies that 
improve aerobic conditions enhance rice productivity of soils prone to Fe toxicity 
by correcting the multi-nutrient deficiency syndrome. At NH4-acetate EDTA pH 
4.65 extracted Fe-levels of 400-700 mg kg
-1
, Fe toxicity is possible, but requires 
confirmation. If so, a more efficient way to lift nutrient disorders might be to 
lower soil solution Fe
2+
 levels due to Fe reduction by adjusting irrigation 
management to include mid-season drainage or applying Mn
4+
 (via 100–200 kg 
MnO2 ha
-1
), a preferential oxidant to Fe
3+
. 
5.5 Conclusions 
Our study showed that there was a close relationship between rice yield and 
indicators of soil quality. Results reveal that rice–upland crop rotation systems 
alleviate soil compaction in the subsoil, resulting in improved rice root growth and 
higher rice yield. The expansion of the rooting zone, which was confined to the 0-
19 cm puddle layer under monoculture rice, to a 0-27 cm plow layer under rice-
upland rotations makes an important contribution to increasing plant-available soil 
nutrient stocks. K, Si and Zn are probably deficient and could generally constrain 
rice growth and yield in Vietnamese Mekong-Delta rice-upland crop systems. 
Improved micronutrient management can help to further increase rice yield 
potential and will be required to prevent eventual critical nutrient mining of the 
expanded 0-27 cm rooting layer.  
    Rice root growth and yields were not only depending on soil compaction, but 
also correlated to SOM decomposition level, indicated here from SOM’s 
proneness to acid hydrolysis. There existed a relation with yield, which was 
probably not causal, but manifested through enhanced available nutrient stocks or 
by strongly mutual correlation with soil physical traits. 
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Chapter 6 
Temporal variation of hydro-physical properties 
of paddy clay soil under different rice-based 
cropping systems
#
 
 
 
 
 
 
 
 
 
# This chapter is based on: 
Linh, T.B., Titus, G., Khanh, T.H., Guong, V.T., Khoa, L.V., Cornelis, W.M., 
2016. Temporal variation of hydro-physical properties of paddy clay soil under 
different rice-based cropping systems. Land Degradation & Development. Under 
revision. 
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6.1 Introduction 
Hydro-physical properties have an impact on the hydrologic cycle and are 
important factors to assess physical soil quality (Hu et al., 2009; Pulido Moncada 
et al., 2014a; Castellini et al., 2014). It has long been stated that soil hydraulic 
properties vary spatially (Nielsen et al., 1973; Strock et al., 2001). Therefore, 
spatial variability is often considered in water and solute transport modelling 
studies with an assumption that soil characteristics are constant in time. However, 
soil properties changes also temporally, displaying variability on a temporal scale. 
Land preparation, irrigation and tillage, and biological activity could induce such 
temporal changes, mainly as a consequence of a drastic modification of soil 
structure (Imeson and Kwaad, 1990; Angulo-Jaramillo et al., 1997).  
    In comparison with spatial variability, much less studies investigated the effect 
of temporal variability on soil hydro-physical properties. The main reason for this 
is that measurements of hydro-physical properties are costly and time consuming, 
particularly when such measurements are repeated several times within or between 
seasons (Angulo-Jaramillo et al., 1997). It was only in recent years that temporal 
changes of hydro-physical soil properties have been the subject of several studies 
in an attempt to better evaluates the effect of different management systems within 
a growing season and between seasons or years. Because many soil properties are 
strongly dependent on soil structure dynamics (Pulido Moncada et al., 2014b), 
management systems are important agents for changing soil environmental 
conditions (van Es et al., 1999; Alletto and Coquet, 2009). Cassel (1983) noted 
that soil parameters such as particle density and particle size distribution usually 
indicate a small temporal variation because they are more dependent on natural 
factors, for instance soil formation processes and parent material. Whereas soil 
parameters such as bulk density (BD), field saturated hydraulic conductivity (Kfs) 
and macro-porosity (MacP) are sensitive to changes in land management, matrix 
porosity (MatP) does not respond substantially or consistently to changes in 
Chapter 6 
116 
 
cropping systems or tillage practice in upland cropland (Reynolds et al., 2007). Hu 
et al. (2009) reported that the hydro-physical properties of soils can vary 
significantly with time and different land uses. Besides, Prieksat et al. (1994) 
noted that infiltration rates of fine-textured soil increased steadily for chisel plow 
and did not change for no tillage in a corn field. Ciollaro and Lamaddalena (1998) 
found that hydraulic properties of a sandy clay increased after plowing and then 
decrease with time in upland cropland.  
    On the other hand, short-term changes within a growing season might be 
substantial as well. For example, hydraulic properties, MacP, total porosity, and 
BD of the soil can undergo changes due to modifications in the soil surface 
conditions in strawberry fields (Bamberg et al., 2011). Logsdon et al. (1993) stated 
that changes in infiltration rates within a season can even be greater than 
management induced differences. Similarly, Alletto and Coquet (2009) found 
within-season temporal variability to be more important than tillage and depth 
effects in upland cropland. A study of Janssen and Lennartz (2007) showed that 
infiltration rates were strongly depending on the age of the paddy rice field since 
plow pan seems to develop with rice cultivation history. Lennartz et al. (2009) also 
reported that the plow pan of old paddy fields is characterized by high bulk density 
and low saturated hydraulic conductivity as compared to young ones. Beside, 
studies in paddy rice soils by Zhang et al. (2013), Lin et al. (2014) and Zhao et al. 
(2015) indicated that alternating drying and wetting following irrigation events 
modify the soil structure, which is turn influences the infiltration properties.  
    The common practice of sampling at single times might therefore lead to 
erroneous conclusions when evaluating the effect of land management practices on 
hydro-physical soil properties (van Es et al., 1999). As for paddy heavy clay soils, 
despite the important role of cropping systems with different crop rotations on 
their hydro-physical properties as presented in previous chapters, their temporal 
variation has not yet been studied. The objective of this research was therefore to 
assess the seasonal and inter-seasonal variation of selected hydro-physical 
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properties of a paddy clay soil under four rotation-based cropping systems in the 
winter-spring season, i.e. the late wet season when rice is cultivated for all 
treatments, and in the spring-summer season, i.e. the dry season, depending on the 
treatment when rice is grown or replaced by maize or mung bean. 
6.2 Materials and methods 
6.2.1 Experimental site and treatments  
Site description and field experiment was previously presented in Chapter 1 
section 1.5.  
6.2.2 Soil sampling and field measurement 
Bulk density, macro-porosity, matrix-porosity and field saturated hydraulic 
conductivity were considered in this study during winter-spring (late wet season) 
and spring-summer (dry season) of the tenth experiment year. Sampling and 
measurements were performed three times per cycle, i.e. 15 days after soil 
preparation (DASP), 45 DASP and 90 DASP (at harvest). The dates at which these 
operations were conducted during our study period are indicated on Fig. 6.1. Soil 
sampling procedure was previously presented in Chapter 2 section 2.2.2. 
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Figure 6. 1 Rainfall and mean temperature at the experimental field during the 
study period (July 2011 - June 2012). DASP: day after soil preparation.  
 
    Infiltration measurements were performed on the field at the soil surface only 
with a single-ring infiltrometer (Eijkelkamp Agrisearch Equipment, Giesbeek, the 
Netherlands) before a subsequent irrigation event, when the soil of rice plots was 
moist but not flooded. It had a metal cylinder with a diameter of 28 cm, which was 
driven firmly into the soil to a depth of about 15 cm, using a driving plate set on 
top of the infiltrometer. The cylinder was filled with water up to a certain height. 
At this point water input in the cylinder was stopped and the water level dropped 
as a result of infiltration into the soil. The height difference of the water level in 
the cylinder was measured as a function of time for a period of 90 minutes.  The 
infiltration measurement was conducted two times in each of the four replicate 
plots per treatment. 
    Quasi-steady state infiltration rate was calculated by differentiating cumulative 
infiltration I [L] using the equation of Kostiakov (Lal and Van Doren, 1990): 
I = a . t
b  
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where t is time of infiltration [T], a and b are empirical constants, which are 
function of the soil’s characteristics, i is infiltration rate [L T-1], and assuming 
quasi-steady state after 5 hours since the beginning of the measurements. 
6.2.3 Determination of hydro-physical soil properties  
Dry BD was calculated as oven dry soil weight (105°C) of undisturbed soil 
samples per bulk volume unit using the core method (Grossman and Reinsch, 
2002). MacP and MatP parameters define the volume of soil macro-pores and 
matrix-pores: 
                 MacP = θs – MatP                             (3) 
                      MatP = θm                                                       (4) 
where θs (m³ m
-
³) is the saturated volumetric water content of the bulk soil. Matric 
potential values of -1 kPa were used to determine θm, as suggested in Reynolds et 
al. (2007). θs and θm were determined by sample weight, after having saturated the 
sample by capillarity and subjected it to a 10 kPa suction on a sandbox 
(Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands), respectively. 
MacP parameter gives the volume of macro-pores values corresponding to pore 
diameters greater than 0.3 mm, while soil matrix pores had equivalent diameters ≤ 
0.3 mm.  
   Field saturated hydraulic conductivity (Kfs) was calculated from the infiltration 
data using the equation from Reynolds and Elrick (1990) (Eq. 5).   
1
)(
1
21
*
21





rCdCrCdC
H
i
K sfs

             (5) 
where is is steady infiltration rate [L T
-1
], H is the steady depth of ponded water in the 
ring [L], d is depth of ring insertion into the soil [L], r is ring radius [L], C1 = 0.316 and 
C2 = 0.184 are dimensionless quasi-empirical constants that apply for d  3 cm and H  
5 cm (Reynolds and Elrick, 1990; Youngs et al., 1995). * is the soil macroscopic 
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capillary length parameter and represents the relative importance of the gravity and 
capillarity forces during infiltration (Raats, 1976); * = 0.01 cm-1 was chosen for clayey 
material and compacted (adapted from Elrick et al., 1989). 
6.2.4 Statistical analyses  
A multi-factor analysis (ANOVA) was performed to detect statistical differences 
and two-way interactions among the seasons, time, treatments and depths. The 
threshold of significance for the statistical tests was chosen at 0.01. The frequency 
distribution of Kfs data was log-normal, so log-transformed data (log10 Kfs) were 
used for the statistical analysis. These analyses were performed using the 
statistical package SPSS (version 20.0, SPSS Inc., USA). 
6.3 Results 
6.3.1 Changes in bulk density 
Different cropping systems showed BD values at the different times within a range 
of 0.79-1.34 Mg m
-
³ and 0.77-1.35 Mg m
-
³ for winter-spring (WS) and spring-
summer (SS), respectively (Fig. 6.2). Variation can be accounted to the different 
cropping systems, time (within season), season and depths at which the samples 
were taken. In the WS season temporal variability in BD was only significant in 
the top 10 cm for R-R-R (BD showed an increase from 15 DASP to 45 DASP and 
90 DASP), whereas no significant change was observed in the other cropping 
systems. Results for the SS season showed the same absence of temporal 
variability in the subsoil (20-30 cm). In the top 10 cm, temporal variability could 
be observed for R-R-R, but also for R-M-R and R-Mb-R. No significant temporal 
variability was observed for R-Mb-M.  
Chapter 6 
121 
 
 
 Day after soil preparation 
 
                                          (a)                                                                                      (b) 
 
Figure 6. 2 Change in soil bulk density (Mg m
-3
) in winter-spring season (WS) 
(a) and spring-summer (SS) (b) under four different cropping systems at three 
depths 0-10, 10-20 and 20-30 cm.  
Vertical bars represent ± one standard deviation (n=4). R-R-R refers to rice-rice-rice monoculture; R-M-R, 
rice-maize-rice rotation; R-Mb-R, rice-mung bean-rice rotation; R-Mb-M, rice-mung bean-maize rotation. 
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significant increase with depth in both cropping seasons (Fig. 6.2). A numerical 
increase of BD was also observed for the cropping systems with rotations of rice 
with upland crops but it was not significant (P > 0.01).  
    Depth and treatment were important factors for the explanation of the observed 
BD variation, representing 35% and 16% of the variation, respectively and their 
interaction explained 22% of its variation (Table 6.1). When, because of the large 
significance of depth, analysing data per depth, treatment and time were the major 
sources of BD variation at 0-10 cm depth (36% and 21%, respectively), but also 
their interaction with season was significant (7% and 4%, respectively). At 10-20 
and 20-30 cm depth, the major factor was treatment (52-67%), but also season was 
significant (4-5%) (Table 6.2). 
 
Table 6. 1 Variance components of the bulk density (BD), macro-porosity 
(MacP), and matrix-porosity (MatP): cropping season (season), time dynamics 
(time), cropping system type (treatment), depth in the soil (depth) and 
interactions between these components (combined 0-30 cm depths). 
Effect BD MacP MatP 
Season 2% 2% NS 
Time 1% 4% 3% 
Treatment 16% 37% 19% 
Depth 35% 14% 6% 
Season*Time NS
a 
NS NS 
Season*Treatment NS NS NS 
Season*Depth 1% 3% NS 
Time*Treatment NS NS NS 
Time*Depth NS 2% NS 
Treatment*Depth 22% 3% 27% 
Numbers indicate the percentage in the explanation of the bulk density, macro-porosity and matrix-porosity 
variance. 
 a not significant at the 0.01 level. 
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Table 6. 2 Variance components of bulk density (BD), macro-porosity (MacP), 
matrix-porosity (MatP) and field-saturated hydraulic conductivity (Kfs): 
cropping season (season), time dynamics (time), cropping system type 
(treatment) and interactions between these components. 
Effect BD MacP MatP  
Kfs 
Depth (cm) 0-10 10-20 20-30 0-10 10-20 20-30 0-10 10-20 20-30 
Season NSa 4% 5% 13% NS NS NS NS NS 38% 
Time 21% NS NS 19% NS NS 13% NS NS 15% 
Treatment 36% 52% 67% 18% 48% 74% NS NS 75% 29% 
Season*Time 4% NS NS NS NS NS NS NS NS 5% 
Season*Treatment 7% NS NS 9% NS NS NS NS NS 7% 
Time*Treatment NS NS NS NS NS NS NS NS NS NS 
Numbers indicate the percentage in the explanation of the bulk density, macro-porosity and matrix-porosity variance. 
 a not significant at the 0.01 level. 
6.3.2 Changes in matrix-porosity (MatP) and macro-porosity (MacP)   
MatP values lie within a range of 0.44-0.54 m³ m
-3
 and 0.44-0.55 m³ m
-3
 for WS 
and SS seasons, respectively (Fig. 6.3), which indicates low variation between the 
two seasons. MacP varied between 0.023 and 0.063 m
3
 m
-3 
for WS, and 0.017 and 
0.064 m
3
 m
-3 
for SS season. The fraction of pores smaller than 0.3 mm (MatP) was 
about 87-97% of total porosity, indicating a rather low MacP (3-13% of total 
porosity) (Fig. 6.4). 
    Intra-seasonal variability was present only for the upper 10 cm, where a 
declining trend in MatP and MacP with time was evident (Fig. 6.3 and 6.4). 
Indeed, the difference in MatP and MacP between 15 and 45 DASP, and between 
45 and 90 DASP in the upper 10 cm was only significant for R-R-R in both 
seasons. 
    Differences were again lower for intensive rice monoculture treatment as 
compared to the cropping systems in which rice was rotated with upland crops. 
Indeed, R-R-R showed values similar to those of the other treatments at 0-10 cm 
depth; however, they were significantly lower at 10-20 cm and particularly at 20-
30 cm depth. These trends were found for both WS and SS (Figs. 6.3 and 6.4). 
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                                        (a)                                                                                   (b) 
 
Figure 6. 3 Change in soil matrix porosity (m
3
 m
-3
) of winter-spring season (WS) 
(a) and spring-summer (SS) (b) under four different cropping systems at three 
depths 0-10, 10-20 and 20-30 cm.  
Vertical bars represent ± one standard deviation (n=4). R-R-R refers to rice-rice-rice monoculture; R-M-R, 
rice-maize-rice rotation; R-Mb-R, rice-mung bean-rice rotation; R-Mb-M, rice-mung bean-maize rotation. 
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Day after soil preparation 
 
                                  (a)                                                                           (b) 
Figure 6. 4 Change in soil macro porosity (m
3
 m
-3
) of winter-spring season (WS) 
(a) and spring-summer (SS) (b) under four different cropping systems at three 
depths 0-10, 10-20 and 20-30 cm.  
Vertical bars represent ± one standard deviation (n=4). R-R-R refers to rice-rice-rice monoculture; R-M-R, 
rice-maize-rice rotation; R-Mb-R, rice-mung bean-rice rotation; R-Mb-M, rice-mung bean-maize rotation. 
 
WS 0-10 cm
0.00
0.02
0.04
0.06
0.08
0.10
15 45 90
R-R-R
R-M-R
R-Mb-R
R-Mb-M
SS 0-10 cm
0.00
0.02
0.04
0.06
0.08
0.10
15 45 90
WS 10-20 cm
0.00
0.02
0.04
0.06
0.08
0.10
15 45 90
M
a
c
ro
p
o
ro
s
it
y
 (
m
3
 m
-3
)
SS 10-20 cm
0.00
0.02
0.04
0.06
0.08
0.10
15 45 90
WS 20-30 cm
0.00
0.02
0.04
0.06
0.08
0.10
15 45 90
SS 20-30 cm
0.00
0.02
0.04
0.06
0.08
0.10
15 45 90
Chapter 6 
126 
 
When including all depths in the two-way ANOVA, treatment was the most 
important factor explaining 37% of the variation in MacP. The second most 
important source of variation for MacP was depth, explaining 14% of the observed 
variability, though interactions of season, treatment and time with depth were also 
significant, explaining 3%, 3% and 2% of the variation in MacP, respectively 
(Table 6.1). Likewise, MatP was significantly affected by cropping system, depth 
and their interaction, with the most significant effect being due to treatment and 
depth interaction, represented by a variance of 27% followed by treatment with 
19% and depth with 6%.  
    When analyzing data per depth, cropping system, time and season factors were 
the major sources of variation of MacP for 0-10 cm, whereas only treatment 
showed an effect for 10-20 and 20-30 cm depth (Table 6.2). Regarding MatP, 
there was a significant difference due to the effect of time and treatment for 0-10 
cm and 20-30 cm depths, respectively. Season, time and their interactions did not 
appear to be significant factors at 10-20 and 20-30 cm depth (Table 6.2). 
6.3.3 Changes in field saturated hydraulic conductivity (Kfs) 
Significant differences in Kfs (geometric mean) between the two growing seasons 
were observed (Fig. 6.5) and can be mainly attributed to the treatment with 
rotations of rice and upland crops. For R-R-R, no significant differences were 
found between WS and SS at all measurement times. Kfs of systems of rice rotated 
with upland crops in SS at 15 DASP were up to 10 times higher compared to those 
in WS with values ranging from 4.41x10
-7
 to 4.35x10
-6
 m s
-1
.  
    Like BD and MacP, Kfs also showed the same trend in variation within the 
growing season. Indeed, the greatest change in Kfs occurred in R-R-R, whereas R-
M-R, R-Mb-R and R-Mb-M did not show significant temporal variability in the 
WS season (Fig. 6.5a). A clear temporal variability was observed for all cropping 
systems during the SS season, with Kfs showing a decrease with time for all 
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treatments. The major decrease occurs between 15 DASP and 45 DASP. The 
temporal variability effect for Kfs during SS was much stronger under maize (R-M-
R) and mung bean (R-Mb-R and R-Mb-M) (Kfs declined with up to 200%) in 
comparison with that under rice crop (R-R-R) (Kfs declined with up to 100%) (Fig. 
6.5b). Beside, the mean values of Kfs were significantly higher for systems of rice 
rotated with upland crops as compared to the rice monoculture for both WS and 
SS, except 15 DASP in WS. 
 
 
Day after soil preparation 
 
                                (a)                                                         (b) 
 
Figure 6.5 Change in field saturated hydraulic conductivity (Kfs) (m s
-1
) of 
winter-spring season (WS) (a) and spring-summer (SS) (b) under four different 
cropping systems.  
Vertical bars represent ± one standard deviation (n=4). R-R-R refers to rice-rice-rice monoculture; R-M-R, 
rice-maize-rice rotation; R-Mb-R, rice-mung bean-rice rotation; R-Mb-M, rice-mung bean-maize rotation. 
   
    Table 6.2 shows the importance of the season factor (38%) for Kfs, which was 
absent for BD and MatP parameters, but which was relevant for MacP at depth 0-
10 cm. Also treatment and time greatly affected the variation in Kfs (29% and 
15%, respectively). Season interaction with time and with treatment was least 
responsible for differences in Kfs (5% and 7%, respectively). 
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6.4 Discussion 
Temporal variability (season and time) was the major cause of variation in BD, 
MacP and MatP at a depth 0-10 cm only, whereas it was absent deeper in the 
profile (10-20 and 20-30 cm depths) in both WS and SS seasons (Table 6.2), 
which can be explained by the plow and puddle layer being present at 0-10 cm 
depth. This plow layer tended to be structurally fragile with smaller BD values and 
larger pore space volumes as compared to the soil underneath. This confirms 
previous reports that plowing changes pore size distribution, creating a loose and 
fragmented, macro-pore rich soil, which is, however, unstable and will be lost with 
time (Messing and Jarvis, 1993; Hillel, 1998), and then restoring the soil structure 
to pre-tillage conditions (Ahuja et al., 1998, 2006; Moret and Arrúe, 2007) due to 
natural reconsolidation. Zhang et al. (2013) found a similar result in that the low 
initial of soil BD resulting from soil tillage tended to increase with time as a result 
of aggregate and particle settlement. 
    When considering data aggregated over the complete 0-30 cm layer, cropping 
system type (treatment), depth of soil sampling and interaction between treatment 
and depth were the important factors for the explanation of the observed 
variability of BD, MacP and MatP (Table 6.1). The interaction suggests that the 
effect of the cropping system is systematically most pronounced at a given depth. 
This was the case at 20-30 cm depth, which reflects the presence of a compacted 
layer at 20-30 cm depth in R-R-R system and absence of such layer in cropping 
systems with rotations of rice and upland crops. Indeed, results from Chapter 2 
and 4 showed that soil bulk density and soil penetration resistance at 20-30 cm of 
R-R-R system was clearly higher than that of the puddle layer. This is mainly due 
to repeated shallow tillage activity three times per year with machinery trafficking 
for land preparation under wet conditions for rice monoculture for more than 30 
years. The soil texture at the field experimental site was clay, so it was vulnerable 
to soil compaction under wet conditions (above field capacity).  
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    The low (temporal) within-season variation of cropping systems with upland 
crop rotations compared to intensive rice monoculture system could be explained 
by aggregates being more stable as reflected by their higher soil aggregate stability 
index in R-M-R, R-Mb-R and R-Mb-M than R-R-R as reported in Chapter 2 and 
4. The aerobic and anaerobic cycles under respectively, the upland crop season (no 
flooding) and the rice season (flooding) of the rotation system also improved soil 
structure and hence increased soil macro-porosity as compared to the continuous 
intensive rice monoculture system where soil was generally submerged. Sacco et 
al. (2012) also stated that submerging water has effects on macro-pore destruction. 
    The increase of BD and decrease of MacP and MatP (Fig. 6.2, 6.3 and 6.4) with 
0-10 cm depth increment in both WS and SS seasons, especially in R-R-R can be 
explained by the presence of a compacted layer below the plow layer as discussed 
earlier. Surely, soils for rice cultivation are puddled in order to make a favorable 
soil physical condition (Mohanty et al., 2004), and reduce water and nutrient 
losses through percolation (Greenland, 1985). However, this leads to accelerated 
soil compaction (Lal, 1985) which might hamper root development of rice and 
nutrient availability (Chapter 5). The result of intensively tilling the soil every rice 
crop season in R-R-R is the development of a compact plow pan closer to the soil 
surface, as reflected in the soil bulk density at 20-30 cm in R-R-R system being 
always significantly higher than that of all other cropping system at the three 
measurement times in both WS and SS cropping seasons (Fig. 6.2).  
    The reverse was observed in cropping systems of rice rotated with upland crops. 
Explanation of these results requires information of the upland crop cultivation 
procedures conducted throughout the entire yearly crop rotation cycle. For 
seedbed construction under cropping systems with upland crops, the preparation of 
the soil with a tool to invert the surface soil layer caused intensive soil 
fragmentation and increased pore space between aggregates. This illustrates the 
advantages of the seedbed planting system (with rotations with at least one upland 
crop) in breaking the compacted layer during bed preparation and in reducing 
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frequent tillage. Bosscher (2004) already stated that the pore size distribution of 
the subsoil in paddy puddled soil was very poor and that a large proportion of its 
porosity was due to residual and storage pores (pore diameter <30 μm). The 
advantage of this compaction layer is to limit water drainage, thus keeping 
floodwaters on the rice field (Sharma and De Datta, 1986; Tomar, 1997). 
However, development of a shallow compacted layer aggravates paddy land 
degradation and decrease rice yield (Chapter 5). 
    The significant factors explaining 38%, 29% and 15% of the variation in Kfs in 
soil surface were cropping season, cropping system and time, respectively (Table 
6.2). Probably, these changes reflect a change in soil MacP that directly influenced 
Kfs. We found a significant correlation (P < 0.01) with r
2
 = 0.58 between MacP 
and Kfs. These findings support those of previous studies that noticed relation of 
macro-pore volume with hydraulic conductivity (Alletto et al., 2010; Sacco et al., 
2012). The decline in Kfs from an early stage of the cropping season (15 DASP) 
towards mid and end of season (45 and 90 DASP) could be associated with the 
loosening effect of recent tillage for rice or seedbed preparation by shovel hoe for 
maize and mung bean cultivation. This reduction is the result of soil consolidation 
processes (Mapa et al., 1986), and sealing formation and settlement of tilled soil 
under irrigation events significantly reducing the macro-porosity and hydraulic 
conductivity at 45 and 90 DASP. Such changes were also reported by Kukal and 
Aggarwal (2002), Cameira et al. (2003), Pare et al. (2011) and Sacco et al. (2012).  
    The difference in Kfs between WS and SS season for the rotation with rice and 
upland crops systems could be a consequence of the difference in cultivated crop 
and thus the difference in soil preparation of the field. For these cropping systems, 
rice was cultivated on flat fields in the WS season, whilst in the SS season, the 
upland crops were cultivated on soil beds which were prepared with hoe that broke 
the compacted subsoil during their preparation. This resulted in the topsoil being 
very loose after soil preparation. The treatment with rice monoculture showed 
similar values at the same measurement times of both seasons. The similarity of 
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this system may be due to its common cultivation history of paddy field. 
Continuous cultivation of lowland puddled rice year after year results in the 
development of hard subsurface layers. Therefore, the partly removal of the plow 
pan from the paddy may effectively increase Kfs in cropping systems with rice and 
upland crops. However, this might have a detrimental effect on nutrient losses due 
to higher percolation of irrigation water in paddy soils. It should be noted that the 
farmers do not have to pay the cost for irrigation water. The cost of irrigation 
comprises actually the cost of fuel or electricity for pumping. It is around 5% of 
the total cost in the dry season while this cost is less than 1% in the rainy season.  
    Our findings suggest that temporal variability with respect to hydraulic 
conductivity was present and should be considered. This matches findings based 
on time effects on hydraulic conductivity that have also been observed by other 
researches and various factors to explain the temporal changes that were 
identified. These factors mainly consisted of management practices (Somaratne 
and Smettem, 1993; Logsdon and Jaynes, 1996; Alakukku, 1996), soil 
consolidation or settlement (Moret and Arrúe, 2007; Petersen et al., 2008), 
biological activity (Das Gupta et al., 2006; Petersen et al., 2008), rainfall 
(Somaratne and Smettem, 1993; Das Gupta et al., 2006) and wetting-drying cycles 
(Petersen et al., 2008; Sacco et al., 2012, Zhao et al., 2015).  
     
6.5 Conclusion 
Temporal effects appeared to be one of the main sources of variability of bulk 
density and macro-porosity at the topsoil (0-10 cm), beside the cropping system 
factor. In the subsoil (10-20 and 20-30 cm), the cropping system was found to 
have the strongest effect on these soil properties. Temporal change of bulk density, 
matrix-porosity and macro-porosity within season and between seasons was 
limited for cropping systems with upland crop rotations, whereas it was clearly 
present for the rice monoculture system. Rotating rice with two upland crops did 
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not result in different temporal variation of physical soil properties compared to a 
rotation with only one upland crop, but differences with rice monoculture were 
substantial. This can be assigned to soil aggregates being more stable due to the 
alternation of flooding-drying and the reduction in puddling operations under rice-
upland crop rotation systems as compared to the intensive continuous rice 
monoculture system where soil was generally submerged and subjected to 
intensive shallow tillage and puddling. Like cropping season and cropping system, 
time of soil sampling was found to have effects on field saturated hydraulic 
conductivity of the topsoil which was well related to macro-porosity. Results 
indicate that the soil sampling depth with 10 cm depth increments down in the soil 
profile of paddy clay soil should be accounted for when evaluating the effect of 
rice-based cropping systems with rotations with upland crops on physical soil 
quality.  
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7.1. Introduction 
Continued cultivation of rice leads to declining soil fertility (Dwivedi et al., 2001; 
Guong et al., 2010) as well as soil productivity (Mandal et al., 2014). Rice fields in 
the Mekong Delta are also subjected in each rice season to conventional puddling 
with repeated plowing and field leveling to reduce water loss through percolation 
and to help in weed control (Farooq et al., 2011). However, long term rice 
monoculture with puddling to the same shallow depth may result in the 
establishment of a compacted zone just below the plowed layer. 
    Many agricultural practices are known to influence soil properties. These 
include crop type (Scott et al., 1994), cultivation methods (Gantzer and Blake, 
1978), and application of organic residues (Anderson et al., 1990; Ekwue, 1990). 
Effects of cropping systems on soil physical properties are often related to changes 
in soil organic matter (Ghidey and Alberts, 1997; Haynes, 2000). Studying the 
effects of cropping systems and management practices on soil properties provides 
essential information for assessing their sustainability and environmental impact 
(Ishaq and Lal, 2002). 
    Controlled field experiments in the Mekong Delta showed that rice 
monocultures resulted in physical and chemical deterioration of soils thus 
rendering them less productive, whereas rotating rice with upland crops resulted in 
substantial improvements (Chapter 2, 3, 4, 5 and 6). During experiment period, we 
organized a field demonstration for local farmers to raise farmer awareness about 
new farming practices. Based on the demonstration and subsequent discussion 
with farmers, some farmers then choose to realize new cropping system on their 
farm. As a result of this activity, rice monoculture fields in the study area are 
gradually rotated by farmers with upland crop. Particularly, some farmers who 
have small farm size like to replace traditional rice monoculture by upland crop 
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monoculture. The objective of this study was to evaluate the effects of different 
cropping systems ranging from rice monoculture, rice-upland crop rotation to 
upland crop monocultures on the physical and chemical quality of alluvial heavy 
clay soils in small-scale farmers’ fields in the Mekong Delta. This work was 
performed in collaboration with 40 farmers who shifted from rice monocultures to 
the newly introduced cropping systems in which at least one upland crop is grown 
per year. This chapter differs from previous chapters in that (i) additional cropping 
systems (upland crop monoculture) were tested and (ii) uncontrolled farmers’ 
fields spread over the region of interest were selected for soil sampling rather than 
plots from one controlled experiment. 
7.2 Materials and methods 
7.2.1 Study area and soil sampling 
Study area description and soil sampling procedure was previously presented in 
Chapter 1 section 1.5.    
7.2.2 Soil physical and chemical analysis  
The procedures used for soil physical and chemical analysis such as soil texture, 
soil bulk density, particle density, total porosity, plant available water capacity, 
macroporosity, aggregate stability, soil penetration resistance, pH, EC, CEC, soil 
organic carbon,  carbon hydrolysable were described in Chapter 2 and Chapter 3.  
7.2.3 Statistical analyses 
Analysis of variance was conducted on all the soil properties following a 
randomized complete design (Gomez and Gomez, 1984) in order to compare 
differences among cropping systems and among depths using SPSS 20.0 software. 
When cropping system or soil depth effects occurred, significant differences were 
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determined using the Duncan’s multiple range test (DMRT) at 5% probability. 
Standard deviations are given to indicate the variation of a set of data values. In 
addition, linear correlation analyses were conducted to identify relationships 
between soil BD, SP and SOC. 
7.3 Results 
Soil texture of all depths in all cropping systems was classified as clay, with mean 
sand content ranging from 15 to 25 g kg
-1
, silt content from 291 to 318 g kg
-1
, and 
clay content from 656 to 692 g kg
-1
 (Table 7.1). There were no significant 
differences in sand, silt and clay content among the cropping systems at three 
different depths (0-10, 10-20 and 20-30 cm) nor among depths within each 
cropping system.  
 
Table 7.1 Particle size distribution for four cropping systems at three soil depths
1 
Cropping 
system 
Depth  
(cm) 
Sand 
50–2000µm 
Silt 
2–50µm 
Clay  
<2µm 
(g kg
-1
) 
RRR 0-10 
10-20 
20-30 
22.8 ± 11.2 
19.2 ± 7.2 
13.6 ± 4.4 
310.1 ± 38.1 
308.8 ± 31.6 
299.7 ± 35.6 
668.1 ± 39.9  
672.0 ± 34.3  
686.7 ± 37.0
 
 
RUR 0-10 
10-20 
20-30 
15.0 ± 7.0 
21.2 ± 13.2 
16.4 ± 8.4 
301.8 ± 38.0   
303.9 ± 33.6 
309.0 ± 20.3 
683.2 ± 33.1  
674.9 ± 34.4  
674.6 ± 24.1  
RUU 0-10 
10-20 
20-30 
25.3 ± 11.3 
23.2 ± 7.4 
21.0 ± 6.4 
318.2 ± 48.3 
313.3 ± 37.3 
307.4 ± 34.0 
656.5 ± 47.8  
663.5 ± 37.3 
671.5 ± 34.7
 
 
UUU 0-10 
10-20 
20-30 
19.8 ± 8.2 
18.8 ± 7.3 
15.9 ± 6.3 
311.5 ± 44.0 
308.0 ± 39.0 
291.4 ± 28.5 
668.8 ± 47.0  
673.2 ± 42.2 
692.8 ± 28.1  
1RRR, rice-rice-rice; RUR, rice-upland crop-rice rotation; RUU, rice- upland crop - upland crop rotation; 
UUU, upland crop- upland crop- upland crop rotation.  
Using DMRT no parameter differed significantly (P > 0.05) among cropping systems at any depth or 
among the depths within any cropping system. Numbers follow ± symbol represent the standard deviations. 
 
    Soil pH and CEC were not significantly different among cropping systems or 
depths (Table 7.2), in contrast with EC which at the 0-10 cm depth was 
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significantly lower for UUU than for RUR. However, there were no significant EC 
differences at the 10-20 and 20-30 cm depths among cropping systems as well as 
among depths within each cropping system. 
    Cropping systems significantly affected SOC content (g kg
-1
) as well as SOC 
stock (Mg ha
-1
), with the highest values found at 0-10 cm depth and values further 
decreasing with depth in all the cropping systems, except UUU (Fig. 7.1 and 7.2).  
 
(a) 
 
(b) 
 
Figure 7. 1 Influence of cropping system on soil organic carbon (a) and HCl 
hydrolysable carbon (Chydrolysable) content (b)
 
in three depth intervals.  
RRR, rice-rice-rice; RUR, rice-upland crop-rice rotation; RUU, rice- upland crop - upland crop rotation; 
UUU, upland crop- upland crop- upland crop rotation.  
Different letters in each column within depth layer denote statistically significant differences (P < 0.05) 
among the cropping systems. 
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The SOC content in RRR in the top 10 cm (33 g kg
-1
) was significantly greater 
than in the top horizon of RUR, RUU and UUU (26, 24 and 18 g kg
-1
, 
respectively) (P < 0.05). In contrast, at 20-30 cm, the highest SOC contents ranged 
from 17 to 19 g kg
-1
 for UUU, RUU, and RUR, and RRR had the lowest SOC (10 
g kg
-1
). Numeric trends in SOC stocks followed those of SOC concentrations (Fig. 
7.2). Considering the total 0-30 cm profile, the mean value of total SOC stocks per 
hectare was greatest in RUR (72.3 t ha
-1
), followed by RUU (68.3 t ha
-1
), RRR 
(66.42 t ha
-1
) and UUU (59.31 t ha
-1
) and was significantly greater for RUR, RUU 
and RRR than for UUU. However, differences in SOC stocks were not significant 
among RRR, RUR and RUU. 
 
Figure 7. 2 Influence of cropping system on soil organic carbon stocks and HCl-
hydrolysable soil C stocks at 0-10, 10-20 and 20-30 cm depths.  
RRR, rice-rice-rice; RUR, rice-upland crop-rice rotation; RUU, rice- upland crop - upland crop rotation; 
UUU, upland crop- upland crop- upland crop rotation. Bars represent standard deviations for each soil 
depth of each cropping system.  
Different letters in each column within depth layer denote statistically significant differences (P < 0.05) 
among the cropping systems. 
 
    Replacement of long-term RRR with RUR, RUU or UUU caused a significant 
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20-30 cm Chydrolysable under RUR, RUU and UUU were two and three times 
ABCA
A
BA
A
AB
B
A
A
0
5
10
15
20
25
30
35
0-10
cm
10-20
cm
20-30
cm
0-10
cm
10-20
cm
20-30
cm
0-10
cm
10-20
cm
20-30
cm
0-10
cm
10-20
cm
20-30
cm
RRR RUR RUU UUU
Cropping system
S
o
il
 o
rg
a
n
ic
 c
a
rb
o
n
 s
to
c
k
s
 (
t 
h
a-
1
)
Carbon HCl-hydrolysable stocks
Chapter 7 
140 
 
greater, respectively, than with RRR. A similar trend existed with total Chydrolysable 
stocks per hectare at the 10-20 and 20-30 cm depth (Fig. 7.2). 
    Despite differences in SOC content between cropping systems and depths, 
significant cropping system effects on particle density (PD) were not observed 
among depths within each cropping system or among cropping systems at each 
depth of 0-10 cm, 10-20 cm, and 20-30 cm (Table 7.2). Bulk density (BD) values 
on the other hand were significantly different between RUR, RUU and UUU, and 
RRR at all depths (Fig. 7.3a). Indeed, BD at 0-10 cm depth was significantly less 
for RRR than for the rice-upland crop rotation systems (RUR and RUU) and 
upland crop monoculture (UUU). However, at the 10-20 cm and 20-30 cm depths, 
BD was significantly greater for RRR than for all other cropping systems. Within 
each cropping system, BD increased numerically with soil depth except for UUU. 
The significant differences in soil porosity (SP) among the depths or among the 
cropping systems (Fig. 7.3b) are a direct result of the bulk density differences. An 
increase in soil strength (Fig. 7.4) was also associated with the reduction in soil 
porosity and increase in soil bulk density with increasing depth and among 
cropping systems. Soil penetration resistance (PR) increased numerically with 
depth for all cropping systems, while it had a wider range of values for RRR than 
for the other cropping systems (Fig. 7.4). Below 15 cm, RRR had numerically 
greater penetration resistance than did the other cropping systems. 
    For the topsoil, PAWC did not differ significantly among cropping systems 
(Table 7.2). At the 10-20 cm depth, UUU had a significantly lower PAWC than 
did RUR and RUU. For the 20-30 cm depth, RRR had significantly lower PAWC 
(20-32% lower) than did all other cropping systems.  
    The MacP was significantly affected by both cropping system and depth, 
decreasing numerically from 0-20 cm to 20-30 cm for all cropping systems (Table 
7.2). Rice monoculture (RRR) and the rice-upland crop rotations (RUR and RUU) 
had similar MacP values at 0-10 cm, which were significantly lower than that of 
the UUU system. The rice monoculture system had a significantly lower MacP for 
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10-20 cm and 20-30 cm (26-37% and 33-40%, respectively) than did the rice-
upland crop rotation systems and upland crop monoculture.  
 
(a) 
 
(b) 
Figure 7. 3 Influence of cropping system on soil bulk density (a) and soil 
porosity (b)
 
in three depth intervals.  
RRR, rice-rice-rice; RUR, rice-upland crop-rice rotation; RUU, rice- upland crop - upland crop rotation; 
UUU, upland crop- upland crop- upland crop rotation.  
Different letters within each depth layer denote statistically significant differences (P < 0.05) among the 
cropping systems. 
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The use of upland crops in the rotations showed a significant improvement in SI 
compared to rice monoculture at the 20-30 cm depth (Table 7.2). Comparison of 
overall SI in the top 30 cm reveals that UUU had the highest SI followed by RUU, 
RUR and RRR (Table 7.3).  
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Figure 7. 4 Soil strength and corresponding soil water content for the 0-30 cm 
depth (n=10) in rice-rice-rice (RRR), rice-upland crop-rice rotation (RUR), rice-
upland crop-upland crop rotation (RUU), and upland crop-upland crop-upland 
crop (UUU). Bars represent standard deviations for each cropping system. 
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Table 7. 2 Influence of crop rotations on selected soil chemical and physical quality indicators and parameters
1
. 
 
Cropping 
system 
Depth  
(cm) 
pH  
(-) 
EC 
(µS cm-1) 
CEC  
(cmol+ kg-1) 
PD  
(Mg m-³) 
PAWC 
(m3 m-3) 
MacP 
(m3 m-3) 
SI 
(-) 
RRR  0-10 
10-20 
20-30 
5.41 ± 0.32 
5.38 ± 0.21 
5.52 ± 0.20 
616 ± 179 AB 
622 ± 151 
633 ± 139 
24.4 ± 3.0 
24.4 ± 3.1 
24.5 ± 3.0 
2.47 ± 0.07 
2.50 ± 0.05 
2.54 ± 0.02 
0.250 ± 0.033        a 
0.241 ± 0.024 AB a 
0.178 ± 0.022 C    b 
0.0437 ± 0.0076 B   a  
0.0389 ± 0.0088 B   a 
0.0281 ± 0.0055 C   b 
1.52 ± 0.27 B    a  
1.28 ± 0.20 B    b 
0.85 ± 0.12 D    c 
RUR  0-10 
10-20 
20-30 
5.46 ± 0.28 
5.50 ± 0.25 
5.53 ± 0.23 
643 ± 123 A 
618 ± 158 
610 ± 129 
24.0 ± 1.0 
23.5 ± 1.5 
23.0 ± 1.2 
2.49 ± 0.06  
2.51 ± 0.05 
2.53 ± 0.04 
0.254 ± 0.042        a 
0.261 ± 0.020 A    a 
0.222 ± 0.032 B    b 
0.0490 ± 0.0141 B   ab 
0.0524 ± 0.0073 A   a 
0.0417 ± 0.0082 B   b 
1.54 ± 0.31 B   a 
1.35 ± 0.28 B    ab 
1.19 ± 0.18 C    b 
RUU  0-10 
10-20 
20-30 
5.49 ± 0.27 
5.58 ± 0.24 
5.59 ± 0.25 
517 ± 125 AB  
531 ± 196 
575 ± 143 
24.8 ± 3.7 
24.3 ± 4.2 
24.2 ± 3.2 
2.51 ± 0.04 
2.50 ± 0.02 
2.51 ± 0.03 
0.253 ± 0.035  
0.256 ± 0.023 A 
0.261 ± 0.041 A 
0.0537 ± 0.0127 AB a 
0.0543 ± 0.0109 A    a 
0.0435 ± 0.0083 AB b 
1.82 ± 0.30 B    a 
1.36 ± 0.25 B    b 
1.44 ± 0.29 B    b 
UUU  0-10 
10-20 
20-30 
5.56 ± 0.24 
5.51 ± 0.25 
5.65 ± 0.19 
491 ± 144 B 
512 ± 187 
507 ± 157 
23.9 ± 3.0 
23.8 ± 2.8 
24.2 ± 2.3 
2.50 ± 0.04 
2.49 ± 0.03 
2.51 ± 0.03 
0.231 ± 0.031  
0.226 ± 0.025 B 
0.227 ± 0.036 B 
0.0622 ± 0.0104 A    a 
0.0612 ± 0.0132 A    a 
0.0502 ± 0.0079 A    b 
2.18 ± 0.51 A    a 
2.05 ± 0.35 A    ab 
1.73 ± 0.30 A    b 
1RRR, rice-rice-rice; RUR, rice-upland crop-rice rotation; RUU, rice- upland crop - upland crop rotation; UUU, upland crop- upland crop- upland crop 
rotation.  
EC, electric conductivity; CEC, cation exchange capacity; PD, particle density; PAWC, plant available water capacity; MacP, macro-porosity; SI, stability 
index. Different letters in each column mean statistically significant differences at P < 0.05 using DMRT; A, B, C are the significant differences among the 
cropping systems for each depth; a, b, c are the significant differences among the depths within the cropping system. Numbers following the ± symbol represent 
the standard deviations. 
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Table 7. 3 Influence of crop rotations on selected soil physical quality indicators and parameters for the overall 0-30 cm 
depth
1
. 
 
Cropping 
system 
Sand 
(g kg
-1
) 
Silt 
(g kg
-1
) 
Clay 
(g kg
-1
) 
BD 
(Mg m
-
³) 
PD 
(Mg m
-
³) 
SP 
(%) 
PAWC 
(m³ m
-
³) 
MacP 
(m
3
 m
-3
) 
SI 
RRR 18.2 306.2 675.6 1.13 A 2.50 54.9 B 0.225 B 0.036 C 1.22 C 
RUR 17.5 304.8 677.5 1.09 B 2.51 56.7 A 0.246 A 0.047 B 1.36 C 
RUU 23.1 312.9 663.8 1.07 B 2.51 57.1 A 0.258 A 0.050 B 1.54 B 
UUU 18.1 303.6 678.2 1.11 AB 2.50 55.7 AB 0.227 B 0.057 A 1.99 A 
1RRR, rice-rice-rice; RUR, rice-upland crop-rice rotation; RUU, rice- upland crop - upland crop rotation; UUU, upland crop- upland crop- upland crop 
rotation.  
BD, bulk density; PD, particle density; SP, soil porosity; PAWC, plant available water capacity; MacP, macro-porosity; SI, stability index. Different upper case 
letters in each column mean statistically significant differences  (P < 0.05, using DMRT) among the cropping systems. 
 
Table 7. 4  Influence of crop rotations on selected soil chemical quality indicators and parameters for the overall 0-30 
cm depth
1
. 
 
Cropping 
system 
pH 
(-) 
EC 
(µS cm
-1
) 
CEC  
(cmol+ kg
-1
)  
SOC 
(g kg
-1
) 
SOC stocks 
(t ha
-1
) 
Chydrolysable 
(g kg
-1
) 
Chydrolysable stocks 
(t ha
-1
) 
RRR 5.44 623 24.4 21.2 A 66.42 A 0.97 B 3.01 B 
RUR 5.50 624 23.5 22.6 A 72.26 A 1.69 A 5.44 A 
RUU 5.56 541 24.5 21.5 A 68.30 A 1.79 A 5.71 A 
UUU 5.57 503 23.9 17.9 B 59.31 B 1.72 A 5.72 A 
1RRR, rice-rice-rice; RUR, rice-upland crop-rice rotation; RUU, rice- upland crop - upland crop rotation; UUU, upland crop- upland crop- upland crop 
rotation.  
EC, electric conductivity; CEC, cation exchange capacity; SOC, soil organic carbon; Chydrolysable, HCl-hydrolysable soil carbon. Different upper case letters in 
each column mean statistically significant differences (P < 0.05, using DMRT) among the cropping systems. 
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7.4 Discussion 
Five years after replacing long-term rice monoculture having three rice crops per year 
(RRR) with rice-upland crop rotations (RUR and RUU) or continuous cultivation of 
upland crops (UUU), effective changes in SOC content were observed among 
cropping systems as well as among the depths within cropping systems. At the 20-30 
cm depth, RUR, RUU or UUU had significantly higher SOC (P < 0.05) than did RRR, 
and an opposite trend occurred at the 0-10 cm depth with the highest SOC value found 
under RRR. This could be explained by the deeper tillage (0-30 cm depth) and hence 
the greater soil mixing during the upland crop season in comparison with rice 
monoculture (0-10 cm depth only). Breaking up the hardpan and mixing the soil likely 
resulted in greater crop residue input at a depth of 20-30 cm under the RUR, RUU and 
UUU systems than under RRR. Further, rice is most frequently grown under flood 
irrigated conditions, where the upper part of the soil profile is completely saturated 
(Norman et al., 2003). This reduces the mineralization rate thus slowing down the 
decomposition of fibrous residues as has been reported by Olk et al. (2009b), which 
causes the accumulation of soil organic matter, especially at the depth of 0-10 cm. This 
may reduce nitrogen mineralization due to phenol accumulation in flooded rice soil 
(Olk et al., 1996; Cassman et al., 1997). 
    Throughout the entire 0-30 cm depth, there were no significant differences in SOC 
stock when shifting from RRR to the RUR and RUU systems. However, of major 
concern is that changing long-term RRR to UUU caused a decrease in SOC stock: 
UUU had significantly less SOC content (17.9 g kg
-1
) than did RRR, RUR and RUU 
(21.2-22.6 g kg
-1
) (Table 7.4) over the top 30 cm. According to the farmers, nearly all 
aboveground biomass from the upland crops was collected after harvest, resulting in 
very limited addition of crop residues to the soil. In contrast, addition of organic 
residue in the form of crop residue was greater after the rice crop season, with crop 
residue (rice stubble) remaining on the soil surface for incorporation before the 
subsequent crop season. Furthermore, changes in the soil environment associated with 
year-round aerobic conditions under UUU might have contributed to accelerated 
organic residue decomposition, causing rapid breakdown of accumulated soil organic 
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matter and thus low SOC accumulation. Guo and Gifford (2002) reported that changes 
in land use are necessarily followed by changes in soil carbon storage. Soil organic 
carbon stock under the rotation system of two rice with one upland crop seasons per 
year did not differ significantly from that of rice with two upland crop seasons per 
year. In our study, this rotation was only applied for five years, so this limited duration 
might be the reason for not finding differences in SOC content between RUR and 
RUU. 
    The Chydrolysable values did not show a similar trend with SOC for all cropping 
systems. Despite a much larger SOC content in RRR at the 0-10 cm depth, Chydrolysable 
did not significantly differ from that of other cropping systems (Fig. 7.1). Averaged 
across the 0-30 cm depth, the ratio of Chydrolysable to SOC was more than 70-80% 
greater in RUR and RUU than in RRR (Fig. 7.2). Remarkably, the proportion of 
Chydrolysable to SOC was for UUU (9.5%) more than two times that under continuous 
rice monoculture (4.5%). This heightened proportion of hydrolysable C could reflect 
more frequent soil disturbance coupled with the aerobic soil conditions prevailing 
during the upland crop seasons, hence, enhanced microbial activity which stimulates 
the decomposition of organic residues in rotation systems with upland crops (Dung et 
al., 2010; Xuan et al., 2012). Our results are consistent with those of Xu et al. (2007) 
who reported that the relative rate of soil organic matter decomposition generally 
increases under frequent alternation between anaerobic and aerobic conditions 
(Pulleman et al., 2000; Norman et al., 2003).  
    Increasing the organic matter stock as well as organic matter decomposability (i.e. 
Chydrolysable) through rotation of rice with upland crops might contribute to the increase 
in soil physical quality (i.e., BD, PO, PR, PAWC, MacP and SI). After five years of 
rice-upland crop rotations, soil BD at the 20-30 cm depth was 9% and 12% lower 
under RUR (1.22 g cm
-3
) and RUU (1.17 g cm
-3
), respectively than under RRR (1.33 g 
cm
-3
) (Fig. 7.3a). Relative to the other cropping system, UUU had the greatest BD in 
the surface soil (0-10 cm), while BD at the 10-20 cm and 20-30 cm depths was 
greatest in RRR (P < 0.05) coinciding with a hard pan. Along with bulk density, soil 
penetration resistance was lower at the 20-30 cm depth in rice with upland crop 
rotations (Fig. 7.4). These systems returned more organic residues to the subsoil 
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(below 10 cm depth), whereas in RRR, this return occurs primarily in the topsoil. This 
difference can be explained by seasonal plowing and puddling, and repeated 
machinery trafficking (Mahboubi et al., 1993) under wet conditions that characterize 
RRR. With degradation of soil structure under such challenging conditions as with 
RRR, the soil BD increased and compaction occurred at 20-30 cm. The soil of the 
study area had high clay content (>60%) and may therefore be sensitive to compaction. 
It is clear in Figure 7.3a that the BD in rice and upland crop rotations (RUR and RUU) 
and upland crop monoculture (UUU)  was not only above the optimum range for field 
crop production but also below the upper limit for soil compaction in fine textured soil 
(0.9-1.2 Mg m
-3
). According to Jones et al. (2003) the threshold bulk density for soil 
compaction for these soils with clay content of ~650 g kg
-1
  is ~1.2 Mg m
-3
 (BDthreshold 
= 1.75 Mg m
-3
 – 0.9Cl, where Cl is clay content in g g-1). This threshold value was 
clearly exceeded in RRR at 20-30 cm depth, whereas RUR, RUU and UUU showed 
BD values close to the threshold. Soil compaction at 20-30 cm depth under the RRR 
system can impede mechanical rice root penetration in the soil and hence inhibit deep 
rooting (Chapter 5). According to local farmers, under the RRR system rice plants can 
lodge in the ripening phase, which makes harvest difficult and results in yield loss. 
This was less the case in the other cropping systems (i.e., RUR, RUU and UUU) 
which received a lower number of machinery passes compared to RRR. Furthermore, 
rotations with upland crops provide a deeper and higher degree of soil mixing and thus 
bulk density showed little variation with depth and was significantly lower at 20-30 
cm depth than in rice monoculture. Other researchers found that deep tillage reduces 
soil penetration resistance and thus promotes deep rooting (Kundu et al., 1996; Khan 
et al., 1998). 
    Correlation analysis showed that SOC was aggrading with increasing soil porosity 
and decreasing soil bulk density. We observed a rather high positive correlation of 
SOC with SP with r = 0.79, and consequently a negative correlation with BD with r = -
0.80 (P < 0.01) (Fig. 7.5 and Fig. 7.6). Negative correlation between organic carbon 
and bulk density were also observed by Cotching et al. (2002), Reynolds et al. (2007) 
and Diana et al. (2008). However, there was low correlation between soil organic 
matter content and aggregate stability index. The low correlation may be due to 
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independent effects on aggregate stability by specific organic components rather than 
the bulk soil organic matter (Lal and Shukla, 2004).  
 
Figure 7. 5. Regression equation and coefficient of determination (R
2
) describing 
the relationship between soil porosity and soil organic carbon.  
The asterisks (**) indicate the significance of R2 at P < 0.01. 
 
Figure 7. 6 Regression equation and coefficient of determination (R
2
) describing the 
relationship between soil bulk density and soil organic carbon. 
The asterisks (**) indicate the significance of R2  at P < 0.01. 
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    Increased compaction probably reduced PAWC, SI and MacP in RRR. RUR, RUU 
and UUU had greater SI values than did RRR by 11 to 63% (Table 7.3). An increase in 
aeration in the upland crop season(s) likely caused the increased SI. With three 
puddling operations per year under wet conditions and prolonged flooded conditions 
during the rice season of the RRR, this probably promotes the dispersion of soil 
aggregates (Hillel, 2004) and thus lowers the aggregate stability index. RRR also 
produced some differences in MacP at the 20-30 cm depth. While the other cropping 
systems yielded a large MacP (0.0417-0.0522 m
3
 m
-3
), the RRR value was about 60-
70% smaller (0.0281 m
3
 m
-3
) (Table 7.3). The higher MacP at depth under the RUR 
and RUU systems might be attributable to the increase in SOC, which in turn led to 
increased SI which generally results in additional total pore space. Moreover, deeper 
soil preparation and a coarse root system of upland crops in UUU, RUR and RUU 
would favor the creation of macropores and thus increasing SP. This scenario is 
consistent with the documented gain of SOC causing a rapid and significant increase 
in MacP (Carter, 1990). The low PAWC under RRR relative to RUR and RUU 
appears to be due primarily to a decrease in the number of pores, which is consistent 
with the low matrix porosity of RRR relative to the other cropping systems. 
    Surprisingly, UUU produced a SI and MacP that were much greater than that of 
RRR, RUR and RUU, although SOC stock of this system was lower than that of RRR, 
RUR and RUU (P < 0.05) (Table 7.4). The soil physical properties of the UUU system 
did generally not deteriorate five years after replacing continuous rice monoculture 
with continuous upland crop monoculture and its soil quality indicator values still fell 
within ideal ranges as presented by Reynolds et al. (2007), although it caused a 
decrease in SOC content. This decline can reduce soil productivity in the future if the 
farmers do not apply organic fertilizer or keep crop residue on the fields after 
harvesting. 
    Several soil properties in this study, including pH, CEC, particle size distribution 
(sand, silt and clay) and soil particle density were not affected by changing the 
cropping system from RRR to RUR, RUU and UUU (Tables 7.2 and 7.4). The 
significant differences in SOC content but equal CEC among cropping systems points 
to the limited contribution of soil organic matter to soil CEC in these clayey soils with 
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high clay content (~65%). However, EC trended downward in UUU at 0-10 cm depth 
and also over 0-30 cm depth, probably reflecting enhanced eluviation of nutrients from 
the soil beds. 
    Yet, with introduction of rice-upland crop rotation systems, several soil properties 
that are often considered as indices of soil quality improved within five years. Limited 
soil compaction reflected by bulk density and penetration resistance, and greater soil 
organic carbon quality expressed in terms of Chydrolysable might have explained the 
higher rice grain yield and income observed in rice-upland crop rotation systems in a 
farm household survey with 109 farmers on the same fields where the present study 
was conducted (Chapter 8).  The significance of soil physical properties to rice yields 
and net profitability in experimental field was also highlighted in Chapter 4 and 5. 
They concluded that soil physical properties contributed to enhanced rice yield with 
rice-upland crop rotation systems. In these systems, the improved soil physical 
properties increased rooting depth and rice yield compared to the rice monoculture 
system.  
    On the other hand, other factors can also contribute to rice yield problem with RRR 
such as inhibited N supply. Cassman et al. (1997) discussed the complete reversal of a 
long-term yield decline in similar RRR fields in the Philippines by better 
synchronizing N fertilizer application with plant N demand, which compensated for 
decreasing availability of soil N. The yield reversal occurred despite no effort to 
improve the physical properties of those soils. Presuming that soil N supply is 
therefore a key contributor to the long-term yield decline, we speculate that rotation 
with an upland crop and resulting improvement of soil physical properties would 
facilitate a long-term yield reversal by enabling the root system to access deeper soil 
masses and their N supply. Increased soil aeration during upland crop rotation can in 
cases also improve soil N mineralization and rice crop uptake of soil N (Olk et al., 
2009a). Accordingly, many continuous rice farmers in Asia drain their fields 
sometimes during the growing season with the belief that the aeration improves soil 
rooting depth or increases crop N uptake (Kaneta et al., 1989). 
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7.5 Conclusions  
 After five years of alternative cropping systems with rotations of rice with upland 
crops on clay soil, several soil physical and chemical properties were changed in small 
scale farmers’ fields. The soil quality of the RRR system was the poorest in relation to 
the major soil function in the area, i.e, sustainable rice production. Soil quality 
improved with rotation of rice with upland crops, showing higher SP, Chydrolysable, 
PAWC, MacP and SI, and lower BD and PR, especially at the 20-30 cm depth. 
Overall, those rotation systems resulted in a reduction in soil compaction and 
improvement in soil structure, which may results from mixing the soil for bed 
preparation and better organic carbon quality in terms of higher Chydrolysable contents as 
compared to long-term rice monoculture. However, although UUU showed no 
compaction, it produced 10, 15 and 18% less SOC stocks than RRR, RUR and RUU, 
respectively, suggesting the potential of the UUU system for degrading soil organic 
carbon. Our results may lead to increased awareness and development of more 
sustainable agricultural practices that can lead to less degraded soil for future 
productivity. 
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Chapter 8 
Socio-economic evaluation on how crop rotations on 
clayey soils affect rice yield and farmers’ income# 
 
 
 
 
 
 
 
 
# This chapter is based on: 
Linh, T.B., Cornelis, W., Sara, V.E., Khoa, L.V., 2013. Socio-economic evaluation on 
how crop rotations on clayed soils affect rice yield and farmers' income in the Mekong 
Delta, Vietnam. International Journal of Environmental and Rural Development 4-2, 
62-68. 
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8.1 Introduction  
Agricultural production in the Mekong Delta is based on private smallholding. 
Farming in the delta is strongly rice oriented (Xuan and Matsui, 1998). They are 
suitable for rice production and continuous rice cultivation is the dominant cropping 
pattern. However, after long-term practicing triple rice cropping, the land use system 
exposed its negative effects on soil quality and crop production. Long-term practicing 
of continuous cultivation is the main cause of degraded physical and chemical soil 
properties (Acosta et al., 2004; Achmad et al., 2003; Cotching et al., 2002). One of the 
most prominent types of soil degradation is soil compaction, which mainly originated 
from rice cultivation with high soil rotation and increased mechanization under wet 
conditions (Lima et al., 2009).  
    Results in chapter 7 showed that rice-upland crop systems in farmer’s fields can 
help in alleviating soil compaction and soil organic residues decomposition resulting 
from continuous mono cultivation systems. The objectives of this study are evaluate 
how farm characteristics and crop rotations of rice and upland crops affect crop yield 
and income, as well as identify the major problems that farmers face. Our research will 
be helpful to provide basic information for farmers, agricultural extension agents, 
policy makers, local authorities and consultants to make appropriate land management 
decisions in order to conserve the natural land resources and support sustainable 
agricultural production. 
8.2 Methodology 
The study area description was previously presented in Chapter 1 section 1.5. 
A total of 109 farm households (one type of cropping system for one farmer field) 
were interviewed using structured questionnaires. For the cultivation of 3 upland crops 
per year, 19 farmers were interviewed and for the other cultivations, 30 farmers were 
interviewed. The surveyed farms were randomly selected. In the interviews, sheets 
with following information were collected: history of people’s settlement and 
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exploitation, and crop rotation system development; cropping pattern and types of 
cultivation; cultivation techniques and land management like soil preparation for 
cultivation, application of fertilizers, irrigation and drainage, limiting factors of plant 
yield and soil productivity and rice yield and total cost of cultivation for calculating 
economic efficiency of the different cropping system practices. 
    Analyses of differences between the means were tested using SPSS 20. Significant 
differences were determined using the Duncan multiple range test at 5% significance 
level. 
8.3 Results and discussion 
8.3.1 Present land use systems and cultivation practices 
Interview results show that upland crops are normally cultivated on raised beds, with 
the soil dug to 30 cm depth for making raised beds and furrows. Meanwhile, rice is 
planted on flat fields after plowing and puddling with a small tractor for every rice 
crop season. Current canal systems which are carrying the fresh water irrigation and 
dike systems preventing flood water, farmers are able to cultivate 3 crops a year, i.e. a 
winter-spring season (from November to February), a spring-summer season (from 
March to June) and summer-autumn season (from July to October). Inorganic 
fertilizers such as DAP, Urea, Superphosphate, Potassium chloride, NPK20-20-15, 
NPK16-16-8 are broadcasted by hand. Organic manures are not applied. Rotations of 
rice with upland crops have been practiced for five years on fields that have subsoil 
compaction problems, which resulted in decreased rice yield even though farmers 
apply higher doses of fertilizer. 
    After harvest, rice crop residues (roots + stubble) were left on the field. The rice 
straw was used for mushroom cultivation or as cattle feed. Nearly all above ground 
biomass from the upland crops was removed to facilitate land preparation for the next 
crop. Some farmers dried their rice produces first and stored them for a while. After 
some time, when the household needs cash or when prices do rise they may take the 
products out of store to sell (average selling price is 10-20% higher at harvest). More 
than 80% of the farms sell their products directly to buyers after harvest.    
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    The sowing density of rice in RRR is higher in comparison with RUR and RUU 
(Table 8.1). In the winter-spring season, about 57% of the surveyed farmers in RRR 
used 100 to 150kg seeds ha
-1
, and 43% used 150 to 200 kg ha
-1
, whereas this was 73% 
and 27% for RUR, and 83% and 17% for RUU, respectively. In the summer-autumn 
seasons about 23% of the surveyed farmers in RRR used 100 to 150kg seeds ha
-1
, and 
77% used 150 to 200 kg ha
-1
. For RUR, this was 53% and 47%, respectively. 
 
Table 8. 1 Percentage (%) of the surveyed farmers using given rice seed amount 
Rice seed amount  
(kg ha
-1
) 
Winter-Spring Summer-Autumn 
RRR RUR RUU RRR RUR 
100-150 57 73 83 23 53 
150-200 43 27 17 77 47 
RRR: rice-rice-rice; RUR: rice-upland crop-rice rotation; RUU: rice-upland crop-upland crop rotation. 
     
Regarding fertilizer application for rice growing, the optimum fertilizer level for this 
area is 100 kg N ha
-1
 (Guong and Linh, 2008). The results of the survey revealed that 
farmers in RRR had a tendency to apply rather high doses of N as a way to 
compensate for the reduced rice growth and rice yield resulting from land degradation. 
N fertilizer application of 77% of the surveyed farmers in winter-spring season and 
63% in summer-autumn in RRR system was over the recommended dosage, ranging 
from 101 to 130 kg N ha
-1 
crop
-1
 season. This is remarkably higher as compared to 
RUR and RUU (Table 8.2). Although, farmers apply less fertilizer and pesticides in 
rice-upland crops rotation systems for rice production compared to RRR, the rice yield 
was higher for RUR and RUU than for RRR (Figure 8.2). According to the farmers, 
when they apply N in doses like in past seasons, the rice plant shows dense leaves. It 
becomes more attractive to insects and diseases. It can also cause excessive growth 
and reduce the strength of the stems and hence falling down at grain filling stage. 
Therefore, the farmers apply lower doses of N in case of RUR and RUU rotations. The 
heavy inorganic fertilizer and pesticide use in RRR might further causes water 
pollution and unbalanced rice field ecology.  
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Table 8. 2 Percentage (%) of the surveyed farmers that applied the indicated 
fertilizer doses to the rice crop. 
Type Fertilizer amount 
(kg ha
-1
) 
Winter-Spring Summer-Autumn 
RRR RUR RUU RRR RUR 
N 
 
 
70-80 0 17 30 7 23 
81-90 13 30 47 17 53 
91-100 10 43 23 13 17 
101-110 50 7 0 33 7 
110-120 20 3 0 30 0 
121-130 7 0 0 0 0 
P2O5 
 
 
40-50 10 7 10 10 10 
51-60 10 17 20 7 23 
61-70 40 50 57 30 53 
71-80 27 20 7 30 13 
81-90 10 3 6 20 0 
90-100 3 3 0 3 0 
K2O 
 
 
5-10 20 17 17 13 13 
11-20 43 33 27 33 30 
21-30 23 27 30 33 43 
31-40 7 13 17 13 7 
41-50 3 7 10 7 7 
51-60 3 3 0 0 0 
RRR: rice-rice-rice; RUR: rice-upland crop-rice rotation; RUU: rice-upland crop-upland crop rotation; UUU: 
upland crop-upland crop-upland crop. 
8.3.2 Farm size 
The average area under cultivation per farmer for the different rotations is shown in 
Figure 8.1. Agricultural production in Cai Lay is based on private smallholding with 
an average farm size of less than 1 ha. The average farm size in the study area is about 
0.62 ha. The farm size of the RRR system ranged from 0.45 to 2.50 ha with an average 
of 0.91 ha. The average size of small farms is 0.36 ha and such small farms are found 
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in UUU systems. Farms of average size of 0.68 ha and 0.43 ha are found in RUR and 
RUU systems, respectively. The RUU and UUU system was practiced on significantly 
smaller farm as compared to RRR (P < 0.05). 
 
Figure 8. 1 Average area under cultivation per farmer (ha) for the different 
cropping systems 
    Farmers who choose rice monoculture cropping system have a large part of their 
land under cultivation in contrast with the small scale farmers who seemed to adopt a 
strategy of diversification. The diversification of the farming system corresponds to a 
strategy by small scale farmer to stabilize their economic situation and improve their 
soil. Nevertheless, it is expected that their economic situation is threatened because of 
the tendentious depreciation of rice yield. Farmers who cultivate mono rice does not 
like to replace with another crop because of the high investment, the market price of 
upland crops is not being stable and the limited storage possibilities for their produce if 
they cannot sell it immediately after harvesting. 
8.3.3 Rice yield evolution 
Based on the interviews with local farmers in the study area, the following information 
on rice crop yield was collected (Fig. 8.2). It was shown that rice yield is different 
among farmer groups. Farmers of rotation groups RUR or RUU obtained much higher 
rice yields than RRR system. The mean difference was statistically significant in all 
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seasons. Rice yields were significantly different (P < 0.05) among the systems of RRR 
(6.3 ton/ha) and RUR (6.9 ton/ha) or RUU (7.0 ton/ha) in winter-spring season and 
among the systems of RRR (4.2 ton/ha) and RUR (5.1 ton/ha) in summer-autumn 
season. Besides that, rice yield in the last five years increased when rotations with 
upland crops were implemented (RUR and RUU), with for RUR an increase of 9% for 
summer-autumn season and with 6% for winter-spring season, and for RUU an 
increase of 8% for winter-spring. This was strongly in contrast with the rice yield 
decrease for rice monoculture systems (RRR), which showed a decrease of 8%. The 
yield increase in the rice-upland crop rotations can be associated with alleviated soil 
compaction (Chapter 7) and improved root zone by change in depth of the plow pan 
layer, so that roots can grow deeper in the rotation systems with upland crops. The rice 
monocultures recorded the lowest yield because of, according to the farmers, reduce 
soil fertility, soils becoming compacted, falling down of rice after flowering, and 
frequent outbreaks of insects and diseases. 
 
W–Sp: Winter-Spring; Sp –Su: Spring-Summer; Su–A: Summer-Autumn  
Figure 8. 2 Rice yields within recent-past 5 years for the different cropping systems. 
    There was also a large variation in rice yield over seasons was observed. The rice 
yield was much higher for winter-spring rice than for the spring-summer or summer-
autumn cropping period (Fig. 8.2). In the winter-spring season, rice showed much 
higher yield on average of five years (6.5; 6.7 and 6.8 ton ha
-1
 for RRR, RUR and 
RUU, respectively) as compared to spring-summer (4.6 ton ha
-1 
for RRR) and 
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summer-autumn seasons (4.3 and 4.9 ton ha
-1 
for RRR and RUR, respectively). This 
may be due to the better climatic conditions with planting just after the flood season, 
higher solar radiation and adequacy of irrigation water and is the reason why rice is 
preferably cultivated in the winter-spring period. According to the farmers, the 
weather, disease and insect pests are the major cause of yield loss in rice production in 
the spring-summer and summer-autumn seasons. 
8.3.4 Economic evaluation  
The total economical balance for each land use system was analyzed based on a 1 ha 
farm size. The production costs like those for seeds and materials, fertilizer, labor and 
pesticide constitute an important part of the total variable cost of the system. Figure 
8.3 shows the costs for seeds and materials, fertilizers, pesticides and labor on the one 
hand (input) and income on the other (output) with total profit the difference between 
both for the different land use practices. The total cost of upland crop monoculture 
(UUU) and rice-upland crop rotation systems (RUR and RUU) were significantly 
higher than those of RRR farms. This result is consistent with the findings of Nguyen 
(2010) in a rice-upland crop survey conducted in Cho Moi district, An Giang province.   
    For the whole sample, labor cost is the main input contributing about 56% of the 
total production cost, followed by fertilizer (26%), pesticide (13%) and seed (6%). 
Although most farmers have enough family laborers for rice production, most farmers 
hired labor for seasonal activities. On average, the hired labor cost contributed about 
40-45% of the total labor cost. On the whole, the production cost in the wet seasons is 
higher than that in the dry season. Usually, wet fields are more difficult to work, 
especially for harvesting. Harvesting of the wet season crop occurs at a time of heavy 
rains so that farmers face serious problems for postharvest activities such as drying, 
cleaning and hauling. The labor requirement for harvesting and post harvesting also 
increases in function of the increased output. 
    The contribution of seeds and materials to the total cost is low (7%) for RUR and 
RUU. Fertilizer application accounts for 21 to 23% of the total cost for RUU and 
RUR, respectively. Labor manifests the highest contribution to the total cost (61-62% 
of total cost). The use of upland crops in the rotations creates more labor because of 
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the need for raised beds that have to be dug. This makes the total cost to increase with 
increasing use of upland crops in the rotation. In rice-upland crops rotation systems, 
farmers apply less fertilizer and pesticide for rice production so that the rotation with 
one or two upland crop shows the lowest costs for fertilizer and pesticides for rice 
crop. Indeed, the interruption of the rice cultivation by an upland crop can break off 
the food supply for rice specific pests (especially soil-borne diseases) and decreases 
the need for pesticides. In addition, fertilizer applications are often below the normal 
levels, especially N. The farmers said that when rice receives too much N, it becomes 
more attractive to insects and diseases. It can also cause excessive growth and reduce 
the strength of the stems and falling of the plant. 
 
  
 
Figure 8. 3 Cost and income for the different cropping systems (in USD) 
     
    Farmers practicing rice monoculture generally receive a lower farm income per 
hectare than those applying rotated farming systems, per year or and per season. In 
other words, farmers growing other crop rotations with rice or monocultures of upland 
crops can receive a higher income. The total income is highest for UUU, followed by 
RUU and RUR, and finally RRR per season and per year. The total income of RUR 
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and RUU was 5,025 USD/ha/year and 5,575 USD/ha/year, respectively. Those were 
higher than the net income of RRR (3,424 USD/ha/year), but significantly lower than 
the net income from the UUU system (6,338 USD/ha/year). On the other hand, there 
were large total profit differences among the cropping systems. The profit of rice-
upland crop rotation systems (RUR and RUU) was more than two times higher than 
that of rice monoculture system (RRR). The profit of upland crop monoculture (UUU) 
was almost three times higher than RRR system. Indeed, the total profit of RRR was 
only 1,094 USD/ha/year, whereas the UUU farmers gained a very high 3,058 
USD/ha/year, and RUR and RUU farmers a modest 2,490 USD/ha/year and 2,686 
USD/ha/year, respectively. 
 
Table 8. 3 Benefit-costs ratio for different land use systems.  
Cropping system  RRR RUR RUU UUU 
Winter-Spring 0.86d 1.24b 1.35a 1.15c 
Spring-Summer 0.09b 0.82a 0.88a 0.90a 
Summer-Autumn 0.45c 0.98a 0.78b 0.76b 
Whole year 0.47b 0.98a 1.00a 0.93a 
Within rows, values followed by the same letter are not significantly different at P < 0.05 
Result showed that the costs-benefit ratio (B/C) in rice-upland crop rotation systems 
was higher than in traditional rice monoculture system (Table 8.3). The B/C shows 
that rice monoculture has the lowest profit over costs (46 to 51% lower than the other 
cropping systems) and that RUU is the most successful with B/C 100%. Although 
there was not significance in B/C between RUR and RUU, they were significantly 
higher than that of the RRR system. 
Compared to rice monocultures, rotations of rice and upland crops give higher values 
of farm diversity and economic efficiency. The rice-upland crop systems are therefore 
more ecologically sustainable than rice monoculture systems. However, according to 
the local farmers, occasional low market prices for the crop product (when the selling 
price is below the cost of producing the product), lack of capital investment, low level 
of technological skills, and unfavorable marketing system, among others, are major 
constraints for rotated rice-upland crops systems in the target area. Moreover, farmers 
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who cultivate upland crops have to face low prices at the farm gate, since upland 
crops, especially vegetables are quickly damaged after harvest. In order to help the 
farmers, better models of farmer organizations should be developed. An appropriate 
and efficient credit scheme and upland crop farming technique training are urgently 
suggested to improve and widely develop rotated rice-upland crop systems in this area. 
8.4 Conclusions  
Rice yield in alluvial deposits with a clay texture was found to be lower in rice 
monocultures (RRR), than in rotation systems with upland crops (RUR or RUU) 
which both showed similar high rice yield. Applying upland crops to paddy fields can 
positively enhance the biodiversity, crop products and increase farmers’ income. The 
cost benefit ratio was highest for rotations upland crop with rice cultivations. It also 
assures a lower application rate of agro-chemical in rotation systems. Total income 
was highest in upland crop monocultures (UUU), followed by RUR and RUU, with 
significantly lowest values for RRR. Our study showed that replacing the practice of 
rice monocultures with rotations with upland crops is very promising. Farmers who 
adopt new cropping systems not only generate more goods for the society, but also 
more income for their family and more protection of land resources. The expansion of 
rice rotated with upland crops should be encouraged to increase income, effective 
utilization of labor and improve the soil quality. However, for national food security, 
and to sustain rice production, farmers should be encouraged to cultivate two rice 
crops and one upland crop per year. 
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9.1 Introduction 
In recent years, it has been observed that declining paddy soil quality resulted in 
reduced rice yield and threatened the sustainability of conventional rice production 
systems in the Mekong Delta. Despite the efforts of farmers to maintain or even 
increase rice yield by applying more chemical fertilizer, rice yield tends to 
decrease. Given that cropping systems can affect soil quality, the main aim of this 
study was to evaluate the effect of new cropping systems in which rice was rotated 
with upland crops (maize and mung bean) on physical and chemical properties of 
paddy alluvial clay soil in the Vietnamese Mekong Delta, and thus to investigate to 
what extent those cropping system are soil improving.  
    In addition, long-term impacts of the new cropping systems on rice crop 
parameters and on economic productivity were analyzed to assess their feasibility 
and sustainability, which is important when towards farmer adoption. To that end, a 
10-year field experiment (including 30 crop seasons) was conducted in Cai Lay 
district, Tien Giang province. Additionally, soil samples and socio-economic data 
were collected from farmers’ fields spread over more than 100 households. The 
investigated cropping systems included rice monocultures with three rice crops per 
year (R-R-R), and rotations with one (R-M-R, R-Mb-R) or two (R-Mb-M) upland 
crops per year on the experimental site or even with three upland crops on farmers’ 
fields (UUU, vs RRR, RUR and RUU). 
    This chapter summarizes the main findings reported in the different chapters and 
presents several recommendations for extension and future research. 
9.2 Crop rotation effect on paddy soil properties 
Our study showed that in the rice monoculture system subsoil compaction was 
present and associated with the frequent shallow plowing and puddling till around 
15 cm depth carried out every rice crop season before sowing. This kind of 
repeated soil puddling causes dispersion of soil particles which upon settling tend 
to clog pores and thus reduce total porosity of soil. Additionally, the heavy 
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machinery used for land preparation compresses the soil resulting in soil 
compaction from ~15 cm downwards. Although the hence developed compaction 
layer was aimed at to avoid water losses and thus keeping water in the rice flooding 
field at an optimal level, such form of shallow compacted layers aggravated 
cropland degradation leading to declined crop yield. The soil texture at the field 
experimental site was clay (65% clay and 34% silt), so it was vulnerable to soil 
compaction. 
    Unlike and in contrast with traditional rice monoculture systems, long-term 
consecutive crop rotations of rice with one or two upland crops resulted in a 
consistent reduction in soil degradation. Surely, our study demonstrated that 
cropping systems in which rice is rotated with maize and/or mung bean improve 
soil quality significantly in both dry and late wet seasons (Chapter 2, 3 and 4). 
Among the assessed soil chemical properties, soil organic carbon (SOC) at 20-30 
cm depth and Chydrolysable at 0-30 cm depth showed the highest improvement. The 
rice monoculture system produced potentially excessive SOC in the soil surface, 
since submerged conditions prevailing throughout most part of the year reduced 
decomposition of organic residues leading to SOC accumulation. Although rice 
monocultures showed higher SOC content at a depth of 0-10 cm, it had a lower 
level of Chydrolysable since decomposition of rice residues was retarded by prolonged 
anaerobic conditions. In contrast, SOC at depths of 10-20 and 20-30 cm was 
significantly lower in rice monoculture compared to the rotation cropping systems.  
This may have impacted root penetration and less root-derived C inputs into the 
subsoil layer under R-R-R system was accordingly observed. The crop rotation 
system alleviated soil compaction resulting in the appropriate development of a 
deep and extensive root system of upland crop (maize/mung bean) and rice, and 
thus a high amount of root residues. On the other hand, the turning tillage operation 
under crop rotation systems resulted in direct incorporation of crop residue into the 
soil at 20-30 cm depth, resulting in higher subsoil OC content. This kind of SOC 
redistribution to deeper depth was just a secondary outcome of deeper tillage in 
rice-upland rotations. This aspect is very important due to the multiple roles played 
by the organic matter in the soil. Indeed, this improvement is consistent with the 
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observed substantial increase in nitrogen (N), phosphorus (P) and potassium (K) 
(Chapter 5) and the change in stability index (SI), macro-porosity (MacP), plant 
available water content (PAWC) and Dexter’s soil physical quality S index 
(Chapter 2, 3 and 4).  
    Additionally, conversion of long-term rice monoculture to rice-upland crop 
rotation systems ensured a progressive break up of part of the compacted layer, 
especially at 20-30 cm depth. This resulted in a decline of bulk density (BD) and 
penetration resistance (PR) or inversely, an increase in soil porosity (PO), which is 
highly sensitive to soil loosening. Moreover, it is also consistent with the increase 
in SOC as mentioned above. 
    Furthermore, rice with upland crop rotation systems not only alleviated persistent 
soil compaction but also created a more aerobic environment during the upland 
crop season which promoted crop residue decomposition. The generally much 
larger Chydrolysable produced by the rice-upland crop rotations probably reflects the 
disruption of the continuous anaerobic conditions, which facilitated crop residue 
decomposition. The improved decomposability of organic residues might have 
positively affected soil fertility by resulting in extra nutrient release through 
mineralization under the cropping systems with upland crops.     
    The results from the field experiments appear to reflect interactions among SOC 
and soil physical properties as BD, PO, PR, SI and MacP in the most compacted 
layer at 20-30 cm depth, with correlation coefficients of ~0.80 or higher (P < 0.01). 
The observed trends in soil organic carbon, soil bulk density and soil strength 
generally pointed to an improvement in soil structure (i.e. soil aggregate stability 
index) in both dry and wet cropping seasons. The soil structure improvement would 
result in increased macro-porosity, leading to the conclusion that soils with low 
compaction and high SOC content exhibit stable soil structure. However, further 
investigation would be needed to see if SOC storage in the rice-upland crop 
rotations is at least partly due to enhanced physical protection of organic matter 
occluded in finer aggregate size classes. 
    In addition, the stronger increase in BD and decline in MacP and field saturated 
hydraulic conductivity Kfs from the early stage of the cropping season (15 DASP) 
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towards the middle and the end of the season (45 and 90 DASP) in rice 
monoculture system as compared to rice-upland crop rotations could be associated 
with aggregates being less stable as reflected by their lower soil aggregate stability 
index (Chapter 6). This confirms that plowing and puddling in rice monoculture 
system created a temporarily loose and fragmented, macro-pore rich soil in soil 
surface (0-10 cm) , which is, however, unstable and with a structure that is readily 
lost with time bringing it back to pre-tillage conditions.  
    Results from the farmers’ field were less definitive as compared to those 
observed on the experimental field. Fewer soil properties were affected by the 
cropping systems, with differences for properties that were affected, being 
generally small, especially in two rice crops and one upland crop rotation system. 
This was probably so because the farmers’ field study was conducted already after 
five years, and soil property changes were still at an early stage and hence could 
not cause much significant difference. In spite of this, the use of upland crops in the 
rotation caused significant improvement in soil organic residue decomposition and 
alleviated subsoil compaction compared to rice monoculture (Chapter 7). 
9.3 New cropping systems effect on crop production and economic benefit 
When evaluating the benefits of new cropping systems, crop yield is very important 
for farmers. Farmers may not accept the loss of crop yield, even though it would 
improve soil quality. Our study showed that improvements in soil chemical and 
physical properties facilitated rice growth and increased grain yield in rice-upland 
crop rotation systems as compared with rice monoculture, with maize as well as 
mung bean in rotations having a positive effect (Chapter 3, 4 and 5). 
    This positive effect was probably due to the change in depth of the plow pan 
layer, so that roots can grow deeper in the rotation systems with upland crops. 
Likewise, rice-upland crop rotation systems were found to enhance root biomass 
density by 62-71% over that observed in rice monoculture system, thereby resulting 
in greater below-ground biomass input in R-M-R, R-Mb-R and R-Mb-M. On the 
other hand, the root mass density was drastically reduced with depth in R-R-R, and 
particularly at 20-30 cm depth no root growth was observed. The limited root 
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growth was associated with the higher soil bulk density and soil strength in R-R-R 
at depth of 20-30 cm as compared to the other cropping systems.  
    Deeper and denser roots resulted in higher root-zone nutrient stock available. 
Indeed, there was 1.11 to 1.94 times increase in the amount of macronutrients and 
micronutrients with the increase in the root zone in the upland crop-rice rotation 
system. The accumulation of some nutrients such as Ca, Mn, Si, Cu in the subsoil 
(20-30 cm) of the rice monoculture system can be explained by their limited uptake 
with shallow rice roots confined to the puddle layer (Chapter 5). 
    Better root distribution resulted in a higher number of tillers per square meter, 
grains per panicle and filled grains, and a larger rice height leading to higher crop 
biomass and grain yield under rice-upland crop rotation systems as compared to the 
rice monoculture system. The average rice yield over ten years was 18-27% higher 
in rotations with upland crops in both dry and late wet seasons, whereas in the 10
th
 
years, it was even 32 to 36% higher (Chapter 4 and 5). The additional availability 
of soil nutrients likely promoted rice yields relative to the control R-R-R system. 
This is indicated by significantly higher levels of P, K and several micronutrient 
elements in the rice rooting-zone. Improved rice growth and increased yields were 
not due to higher SOC stocks at 0-30 cm depth; in fact the 0-30 cm SOC stock in 
the R-Mb-M rotation was lower than in the R-R-R rotation (though not 
significantly), while the crop parameters and rice yield were much better in the R-
Mb-M rotation. This demonstrates that content of SOC does not necessarily control 
rice growth and yield (P > 0.05). The higher Chydrolysable stocks nonetheless in the 
rice-upland crop rotations correlated positively with rice growth parameters. Since 
carbon is not a plant nutrient, possibly this relation was indirect via enhanced N-
mineralization in soils having a more readily degradable SOM, but this requires 
further investigation. On the other hand, prolonged anaerobic conditions must have 
resulted in more frequent reduction of soil Fe and Mn in the R-R-R vs. the rice 
upland rotations. This may have more frequently lifted Fe and Mn in soil solution 
possibly until toxic levels, considering the relatively high level of plant-available 
Fe measured in soil extracts.  
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    Although the soil properties and rice yield were affected by the cropping 
systems, we did not find significant differences in soil quality and in rice growth 
and yield between the two types of upland crops, i.e. the non-leguminous maize 
and the leguminous mung bean, nor between rotation systems with one or two 
upland crops. These results were supported by those from the farmer fields, which 
showed 10 to 11% and 21% higher rice yields in rotations with upland crops as 
compared to the rice monocultures in winter-spring and summer-autumn, 
respectively (Chapter 8). 
    Economic analysis can provide information about the feasibility and 
sustainability of a new practice for increased productivity and enhanced resource 
use efficiency in a given period. Generally, farmers’ income was shown to increase 
significantly in the systems with upland crop rotations compared to rice 
monoculture. The cropping system, season or year did not affect the yield of maize 
or mung bean yield, i.e. similar maize yields were observed in R-Mb-M as in R-M-
R from 2002 to 2012. This was also the case for mung bean (when comparing R-
Mb-M and R-Mb-R). Therefore, the higher income in rice-upland crop rotation 
systems was mostly due to the higher rice yield and the selling price per kilogram 
of maize and mung bean being always higher than that of rice. Nevertheless, 
rotations with mung bean and maize cultivation showed a higher cost under any 
cropping season and over the whole agricultural year, because growing maize or 
mung bean is more labor intensive with raised beds to be prepared and both crops 
have a more demanding harvest as compared with rice. Such higher financial input 
is one of the biggest problems for the farmers, in that they do not have enough 
capital for proper investment. Even though total cost was higher in the rice-upland 
crop rotation systems, the benefit/cost ratio (B/C) was considerably improved in the 
10
th
 year of experiment (134% - 141%) as well as when calculated as an average of 
ten years (126% - 155%). 
    Besides and although not quantified in our study, rotations of rice and upland 
crops contribute to diversifying agricultural production rendering an ecologically 
more sustainable system than rice monocultures. Additionally, crop rotations might 
suppress soil borne pathogens, including fungi and nematodes and rotating crops 
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with plants less susceptible to specific pathogens might cause a decline in the 
population of the pathogen due to natural mortality and the antagonistic activities 
of co-existent root zone microorganisms.  
9.4 Does upland crop monoculture improve soil physical quality while keeping 
soil organic carbon content high? 
Soil organic carbon stocks in farmers’ fields were depleted and related to the 
number of upland crop seasons. Indeed, the SOC stock was significantly affected 
by the cropping system with the lowest value in UUU (Chapter 7). This result can 
be explained by the low amount of aboveground crop residue input per year in 
UUU as compared to the RRR, RUR and RUU systems. All residues of upland 
crops are removed to facilitate land preparation for the next crop, while rice straw 
stubble is left behind after harvest resulting in more crop residue input. On the 
other hand, decomposition of crop residue is limited and typically lower during the 
inundation period in the rice crop seasons which can favor the maintenance or 
increase of SOC. On the contrary, Chydrolysable stocks increased consistently with 
increasing number of upland crop seasons, owing to enhanced microbial activity 
with prolonged aerobic conditions, which favor faster organic matter 
decomposition rates. 
    The UUU system was therefore susceptible to loss of SOC if the farmers do not 
apply organic fertilizer. Such SOC decline can affect soil productivity and 
sustainability of this system in the long-term. From the farmers’ field study, it 
could be concluded that cropping systems with rice-upland crop rotations are to be 
preferred over rice monocultures because of their higher soil organic carbon 
quantity and lower degree of soil compaction. Upland crop monocultures should 
not be promoted as they tend to reduce SOC content. 
9.5 Critical limits for rice growth in the Vietnamese Mekong Delta 
 In this study, a variety of soil quality related physical and chemical properties were 
measured, with some of them showing a substantial response to the tested cropping 
system. The largest responses were found with BD and PR which were both 
negatively related with rice root growth and yield (Chapter 5). PO and MacP were 
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positively related with crop growth and yield. However, “optimal” soil physical 
quality parameter values of clay soils for suitable rice crop production have not yet 
been defined, although various empirical guideline values have been proposed for 
growth of upland crops (Olness et al., 1998; Reynolds et al., 2002, 2007). Though 
not discussed earlier in previous chapters, in this general discussion we would like 
to suggest some values as indicative for optimal soil physical properties when 
growing rice in fine-textured alluvial soils, as a first step towards presenting real 
threshold values. To do so, soil properties were regressed with crop parameters and 
yield. 
    The highest rice yield as well as best root growth in our study corresponded with 
BD values in the most compacted layer lower than 1.2 Mg m
-3
, PO higher than 
51%, PR below 1.0 MPa and MacP higher than 0.04 m
3
 m
-3
. Under the R-R-R 
system, the roots grew only to a depth of 19 cm, while they penetrated deeper (till 
27 cm) under rice-upland crop rotation systems, resulting in higher yields (Chapter 
5). This would mean that for optimal root growth, highly compacted plow pans 
should not be present above 30 cm depth. According to Suzuki (2005) (cited in 
Reichert et al., 2009), under field conditions with clay soil (65% clay and 26% silt 
in his study), the critical value of BD and MacP that restricts root growth and 
reduces crop yield of soybean and corn was 1.36 Mg m
-3
 and 0.05 m
3
 m
-3
, 
respectively. No such quantitative limits are yet available for rice grown in clayey 
soil. Nie et al. (2010) observed that highly productive paddy soil possessed bulk 
density generally below 1.2 Mg m
-3
. 
    Based on critical limits proposed by several authors for crops in general (Carter, 
1988; Mambani et al., 1990; Thangaraj et al., 1990; Reynolds et al., 2007) BD and 
SP observed in this study for rice-upland crops rotations were within the optimal 
range for fine-textured soils, in contrast with the rice monoculture system. PR and 
MacP were close to these suggested limits. This suggests that the optimum values 
of some soil quality indicators proposed for crops in general seem to be valid for 
paddy rice soil as well. Based on the above values, we suggest to consider BD < 
1.2 Mg m
-3
, PO > 51%, PR < 1.0 MPa, MacP > 0.04 m
3
 m
-3
, and a root zone depth 
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> 30 cm as indicative for optimal physical soil quality when growing rice in fine-
textured alluvial soils. 
9.6 Future prospects and recommendation for sustainable rice production 
After ten years of experimental work (30 cropping seasons) several effects of long-
term crop rotations became clear in the paddy clay soil as discussed above. 
Rotations of rice with one or two upland crops improved SOC decomposition and 
physical properties since they were associated with frequent drying and wetting 
cycles and thus aerobic and anaerobic conditions. Our study showed that rice and 
upland crop rotations coupled with appropriate tillage are soil-improving cropping 
systems that need to receive more attention in the Mekong Delta in order to cope 
with soil degradation that was observed in continuous paddy monoculture areas and 
to maintain or even increase rice yield and farmer’s income. Although in the study 
area irrigation water for rice was always matching the demand, saving water would 
be possible if one or two rice crops are replaced with one or two upland crops 
which show a lower water requirement. Altogether, recommendations for the 
farmers to rotate rice with upland crops in their paddy soil, particularly in the 
region of intensive rice monoculture, in order to contribute to increased sustainable 
crop production need to be formulated.  
    Despite market prices varying over seasons and years, our findings provide 
evidence that including upland crops in paddy field could increase farmers’ income 
compared to traditional rice monoculture system. Indeed, the demand for vegetable 
and bean produce has increased enormously, hence upland crops show better 
market prices compared to rice. However, as rice is an important crop in the 
Mekong Delta, rice will continue to be the mainstay. To maintain national rice food 
security and to sustain rice production, farmers should be encouraged to cultivate 
two rice crops and one upland crop per year. 
    According to the planting calendar of the farmers in the study area, rice or 
upland crops can be sown every time of the year, i.e., in the winter-spring season 
(from November to February), spring-summer season (from March to June) and 
summer-autumn season (from July to October). The winter-spring cropping season 
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is the best season due to the best climatic conditions with higher solar radiation and 
adequacy of irrigation water. The summer-autumn season is the wet season. 
Therefore, rice is most suitably cultivated in the winter-spring and summer-autumn 
period. Upland crops, that show lower water requirement - should then be 
cultivated during the dry months (spring-summer season). 
    According to the Department of Agriculture in the Cai Lay district, the area 
under rice-upland crop rotation practices recently increased. Though the adoption 
rate for such rotations is on the rise, still less than 10% of the rice producers 
accepted to change to this new cropping system. Farming experience and high 
farming costs for growing upland crops are two of the largest problems for 
adoption of rotation that make producers’ unwillingness to accept change (Chapter 
8). Indeed, many farmers interviewed in the study area faced a lack of technical 
skills and limited access to capital. As a result, when these households start up new 
crops, the sustainability of these activities may become problematic. On the other 
hand, without carefully planning and connection to the market there is a potential 
risk for market over supply of upland crop products.  Therefore, it is very important 
for the government and local authorities to help farmers by providing information 
of upland crop cultivation techniques, marketing and business development. Rural 
credit policies could be redesigned in order to create more efficient access to the 
source of capital and as such contribute to improved livelihoods especially for 
farmers who adopt new cropping systems. Furthermore, insurance service such as 
crop insurance is needed to decrease some of the major risks that farmers face. 
Unfavorable market can be solved as well by making strategies targeting at 
community level or farmer organizations instead of individual farmers. If these 
problems are solved, it is believed that soil-improving cropping systems with 
upland crop-rice rotations not only help farmers to increase their income, but also 
contribute to rural development and sustainable agriculture. 
9.7 Recommendation for future research 
This dissertation has given new insights on the effects of crop rotations as 
compared to rice monocultures on soil physical and chemical properties and rice 
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yield through a long-term field experiment. Additionally, relationships between soil 
properties, crop growths and economic benefits have been studied. Our study 
indicated that rice-upland crop rotations were the most useful systems for 
sustainable rice production in the Mekong Delta. Although, the research objectives 
of this dissertation were met, several aspects still need further research. 
    From the results presented, it became clear that rotation of rice and upland crop 
with preparation of beds and thus loosening of subsoil improved soil quality and 
significantly affected rice yield in the long-term. However, in this study, the 
potential additional effect of the crops per se (maize and/or mung bean as compared 
to rice) could not be deduced from the experimental design. We could not indentify 
the separate contribution of the improving factors (mechanical soil loosening and 
plant impact). In further research a treatment with “mechanical soil loosening only, 
without plants” and “upland crop cultivation only, without soil loosening” could 
therefore be included. 
    The variation of soil properties that was observed with depth suggests that in 
future related research, samples should be taken at different layers of 10 cm 
increments. Sampling at those depths is needed for differentiating cropping system 
effects. 
    Though promising, crop rotations of rice and other crops is only one way to 
maintain soil quality. Alternatives such as use of organic fertilizer (e.g. straw 
compost) on soil properties and crop growth should be tested. This could reduce the 
need for chemical fertilizer without decreasing the yield of rice crop and may 
alleviate the environmental impacts. 
    Recent studies also showed that biochar is effective to mitigate climate change 
through increasing carbon storage while decreasing direct greenhouse gas 
emissions, improving soil quality and crop productivity. This should get more 
attention in the upcoming years, especially in the paddy soil in the Mekong Delta. 
    Although rotations of rice with upland crops showed the best results in terms of 
soil quality, yield and income, their impact on greenhouse gas emissions (CH4, NO2 
and CO2) should be investigated. As the rotations affect the moisture regime in the 
soil with soils being subjected to anaerobic and aerobic conditions, they will surely 
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affect those emissions. It must therefore be investigated to what extend those 
cropping systems contribute to or mitigate global change by reduced or increased 
emissions of specific greenhouse gases. 
    As the area is coping with floods and droughts, and to reduce the pressure on 
water resources, appropriate water use management strategies based on improved 
root-zone water balance studies should be worked out. 
    Yet, although macronutrient management is typically the initial driving force of 
rice yield in the long term, deficiencies of micronutrients are also important 
constraints to sustaining high yield levels. In addition, Fe toxicity could be an 
additional constraint to rice crop growth. Further research would be necessary to 
investigate the effect of micronutrient fertilizers and Fe toxicity on rice growth and 
yield. 
References  
 179 
References 
Achmad, R., Anderson, S.H., Gantzer, C.J., Thompson, A.L., 2003. Influence of long-term 
cropping systems on soil physical properties related to soil erodibility. Soil Science 
Society of America Journal 67: 637–644. 
Acosta, V.M., Zobeck, T.M., Allen, V., 2004. Soil microbial, chemical and physical properties in 
continuous cotton and integrated crop–livestock systems. Soil Science Society of America 
Journal 68: 1875–1884. 
Adhya, T.K., Linquist, B., Searchinger, T., Wassman, R., Yan, X., 2014. Wetting and drying: 
Reducing greenhouse gas emissions and saving water from rice production. Working 
paper, installment eight of creating a sustainable food future, World Resources Institute: 
Washington, DC, USA. 
Ahmad, J., Zahra, K., Nabiollah, A., Jaber, F., Naser, H., Shamsollah, A., 2014. The effect of rice 
cultivation on the some soil properties in Isfahan province, central Iran. International 
Journal of Agriculture and Crop Sciences Vol. 7 (5): 245-250. 
Ahmad, W., Khan, F., Naeem, M., 2010. Impact of cropping patterns and fertilizer treatments on 
the organic fertility of slightly eroded Pirsabak soil series in NWFP, Pakistan. Soil & 
Environment 29(1): 53 – 60. 
Ahuja, L.R., Fiedler, F., Dunn, G.H., Benjamin, J.G., Garrison, A., 1998. Changes in soil water 
retention curves due to tillage and natural reconsolidation. Soil Science Society of 
America Journal 62, 1228–1233. 
Ahuja, L.R., Ma, L., Timlin, D.J., 2006. Trans-disciplinary soil physics research critical to 
synthesis and modelling of agricultural systems. Soil Science Society of America Journal 
70: 311–326. 
Alakukku, L., 1996. Persistence of soil compaction due to high axle load traffic. II. Longterm 
effects on the properties of fine-textured and organic soils. Soil & Tillage Research 37: 
223–238. 
Alam, M.K., 2010. Effect of tillage depths and cropping patterns on soil properties and crop 
productivity (MSc. thesis), Department of Soil Science, Bangabandhu Sheikh Mujibur 
Rahman Agricultural University. 
Alletto, L., Coquet, Y., 2009. Temporal and spatial variability of soil bulk density and near-
saturated hydraulic conductivity under two contrasted tillage management systems. 
Geoderma 152: 85–94. 
Alletto, L., Coquet, Y., Estrade, R., 2010. Two-dimensional spatial variation of soil physical 
properties in two tillage systems. Soil Use and Management 26: 432-444. 
Amezketa E., 1999. Soil aggregate stability: a review. Journal of Sustainable Agriculture 14: 83–
151.  
Andersen, M.N., Munkholm, L.J., Nielsen, A.L., 2013. Soil compaction limits root development, 
radiation use efficiency of three winter wheat (Triticum aestivum L.) cultivars. Acta Agric. 
Scand. B 63: 409-419. 
Anderson, S.H., Gantzer, C.J., Brown, J.R., 1990. Soil physical properties after 100 years of 
continuous cultivation. J. Soil Water Conserv. 45: 117–121. 
Anglade, J., Billen, G., Garnier, J., 2015. Relationships for estimating N2 fixation in legumes: 
incidence for N balance of legume-based cropping systems in Europe. Ecosphere 6 (3): 1-
24. 
Angulo-Jaramillo, R., Moreno, F., Clothier, B.E., Thony, J.L., Vachaud, G., Fernandez-Boy, E., 
Cayuela, J.A., 1997. Seasonal variation of hydraulic properties of soils measured using a 
tension disk infiltrometer. Soil Science Society of America Journal 61: 27–32. 
Arvidsson, J., 2001. Subsoil compaction caused by heavy sugarbeet harvesters in southern Sweden 
I. Soil physical properties and crop yield in six field experiments. Soil & Tillage 
Research 60: 67-78. 
Arvidsson, J., Sjöberg, E., van den Akker, J.J.H., 2003. Subsoil compaction by heavy sugarbeet 
harvesters in southern Sweden III. Risk assessment using a soil water model. Soil & 
Tillage Research 73: 77-87. 
References  
 180 
Arvidsson, J., Håkansson, I., 2014. Response of different crops to soil compaction short-term 
effects in Swedish field experiments. Soil & Tillage Research 138: 56-63. 
Ball, B.C., Campbell, D.J., Hunter, E.A., 2000. Soil compactibility in relation to physical and 
organic properties at 156 sites in UK. Soil & Tillage Research 57: 83–91. 
Baltazar, A.M., De Datta, S.K., 1992. Weed management in rice. Weed Abstracts. 41: 495-507. 
Bamberg, A.L., Cornelis W.M., Timm, L.C., Gabriels, D., Pauletto, E.A., Pinto, L.F.S., 2011. 
Temporal changes of soil physical and hydraulic properties in strawberry fields. Soil Use 
and Management 27: 385-394. 
Barbera, V., Poma, I., Gristina, L., Novara, A., Egli, M., 2012. Long-term cropping systems and 
tillage management effects on soil organic carbon stock and steady state level of C 
sequestration rates in a semiarid environment. Land Degradation & Development 23: 82- 
91. 
Barker, R., Dawe, D., Tuong, T.P., Bhuiyan, S.I., Guerra, L.C., 1998. The outlook for water 
resources in the year 2020: challenges for research on water management in rice 
production. In: Assessment and orientation towards the 21st century, Proceedings of 19
th
 
Session of the International Rice Commission. FAO, Cairo. 
Bastia, D.K., Garnayak, L.M., Barik, T., 2008. Diversification of rice (Oryza sativa)-based 
cropping systems for higher productivity, resource-use efficiency and economics. Indian 
Journal of Agronomy 53, 22–26. 
Bateman, J.C., Chanasyk, D.S., 2001. Effects of deep ripping and organic matter amendments on 
Ap horizons of soil reconstructed after coal strip-mining. Can. J. Soil Sci. 8: 113–120. 
Batey, T., 2009. Soil compaction and soil management: a review. Soil Use and Management 25: 
335-345. 
Becker, M., Ladha, J.K., Simpson, I.C., Ottow, J.C.G., 1994. Parameters affecting residue nitrogen 
mineralization in flooded soils. Soil Science Society of America Journal 58: 1666-1671. 
Begheijn, L.T.H., 1980. Methods of chemical analyses for soils and water. 3
rd
 edition. Department 
of Soil Science and Geology, Agricultural University Wageningen, the Netherlands. 
Belder, P., Bouman, B.A.M., Spiertz, J.H.J., Cabangon, R., Guoan, L., Quilang, E.J.P., Yuanhua, 
L., Tuong, T.P., 2004. Effect of water and nitrogen management on water use and yield of 
irrigated rice. Agric. Water Manage. 65: 193–210. 
Berisso, F.E., Schjønning, P., Keller, T., Lamandé, M., Etana, A., de Jonge, L.W., Iversen, B.V., 
Arvidsson, J., Forkman, J., 2012. Persistent effects of subsoil compaction on pore size 
distribution and gas transport in a loamy soil. Soil & Tillage Research 122: 42-51. 
Berisso, F.E., Schjønning, P., Keller, T., Lamande, M., Simojoki, A., Iversen, B., Alakukku, L., 
Forkman, J., 2013. Gas transport and subsoil pore characteristics: Anisotropy and long-
term effects of compaction. Geoderma 195-196: 184-191. 
Bernhard, L., Somporn, I., Khiem, N.T., Luan, N.N., Piyatat, P., Romnea, P., Tin, M.S., 
Khamsavang, S., Tanja, M., Yelto, Z., 2014. Economics of south east Asian rice 
production. Report 2014/1. Agri Benchmark. 
Bertolino, A.V.F.A., Fernandes, N.F., Miranda, J.P.L., Souza, A.P., Lopes, M.R. S., Palmieri, F., 
2010. Effects of plough pan development on surface hydrology and on soil physical 
properties in Southeastern Brazilian plateau. Journal of Hydrology 393 (1–2): 94-104. 
Bhagat, R.M., Sharma, P.K., Verma, T.S., 1994. Tillage and residue management effect on soil 
physical properties and rice yields in northeastern Himalayan soils. Soil & Tillage 
Research 29: 323–334. 
Bhattacharyya, R., Prakash, V., Kundu, S., Gupta, H.S., 2006. Effect of tillage and crop rotations 
on pore size distribution and soil hydraulic conductivity in sandy clay loam soil of the 
Indian Himalayas. Soil & Tillage Research 86: 129-140.  
Bingham, I.J., Bengough, A.G., Rees, R.M., 2010. Soil compaction-N interactions in barley: Root 
growth and tissue composition. Soil & Tillage Research 106: 241-246. 
Blackshaw, R.E., Larney, F.O., Lindwall, C.W., Kozub, G.C., 1994. Crop rotation and tillage 
effects on weed populations on the semi-arid Canadian Prairies. Weed Tech., 8: 231-237. 
Blake, G.R., Hartge, K.H., 1986. Particle density. In: Klute, A. (Ed.). Methods of soil analysis. 
Part 1. Physical and mineralogical methods, 2nd ed. Agron. Monogr. 9. ASASSA, 
Madison, WI: 363-375. 
References  
 181 
Boparai, B.S., Yadvinder, S., Sharma, B.D., 1992. Effect of green manuring with Sesbania 
aculeata on physical properties of soil and on growth of wheat in rice-wheat and maize-
wheat cropping systems in a semiarid region of India. Arid Soil Research & 
Rehabilitation, 6, no. 2:135–143. 
Bosscher, N., 2004. Land evaluation for intensive rice cultivation in the Mekong Delta, Vietnam. 
Case study at Cau Ke district. MSc. thesis, Interuniversity Programme in Physical Land 
Resources, Ghent University, 123p. 
Bouman, B.A.M., Lampayan, R.M., Tuong, T.P., 2007. Water management in irrigated rice: 
coping with water scarcity. International Rice Research Institute, Los Banos. 
Bouman, B.A.M., Tuong, T.P., 2001. Field water management to save water and increase its 
productivity in irrigated lowland rice. Agric. Water Manage. 49: 11-30. 
Bradford, J.M., Peterson, G.A., 2000. Conservation tillage. In: Sumner, M.E. (Ed.), Handbook of 
Soil Science. CRC Press, USA, pp. G247–G298. 
Brady, N.C., Weil, R.R., 2002. The nature and properties of soils, 13
th
 ed., Prentice Hall, New 
Jersey, USA, 960. 
Cabangon, R.J., Tuong, T.P., Castillo, E.G., Bao, L.X., Lu, G., Wang, G.H., Cui, L., Bouman, 
B.A.M., Li, Y., Chongde, C., Jianzhang, W., 2004. Effect of irrigation method and N-
fertilizer management on rice yield, water productivity and nutrient-use efficiencies in 
typical lowland rice conditions in China. Rice Field Water Environ. 2: 195-206. 
Cakmak, I., 2008. Enrichment of cereal grains with zinc: Agronomic or genetic biofortification? 
Plant Soil 302: 1–17.   
Cameira, M.R., Fernando, R.M., Pereira, L.S., 2003. Soil macropore dynamics affected by tillage 
and irrigation for a silty loam alluvial soil in southern Portugal. Soil & Tillage Research 
70: 131–140. 
Canarache, A., 1991. Factors and indices regarding excessive compactness of agricultural soils. 
Soil & Tillage Research 19 (2-3): 145–164. 
Canillas, E.C., Salokhe, V.M., 2002. A decision support system for compaction assessment in 
agricultural soils. Soil & Tillage Research 65: 221-230. 
Carter, M.R., 1988. Temporal variability of soil macroporosity in a fine sandy loam under 
mouldboard ploughing and direct drilling. Soil & Tillage Research 12: 37–51. 
Carter, M.R., 1990. Relative measures of soil bulk density to characterize compaction in tillage 
studies on fine sandy loams. Canadian Journal of Soil Science 70: 425–433. 
Casanova, D., Goudriaan, J., Bouma, J., Epema, G.F., 1999. Yield gap analysis in relation to soil 
properties in direct-seeded flooded rice. Geoderma 91: 191-216. 
Cass, A., 1999. Interpretation of some soil physical indicators for assessing soil physical fertility. 
In ‘Soil analysis: An interpretation manual’. (Eds. Peverill, K.I., Sparrow, L.A., Reuter, 
D.J.). CSIRO Publishing, Melbourne, 95–102.  
Cassel, D.K., 1983. Spatial and temporal variability of soil physical properties following tillage of 
Norfolk loamy sand. Soil Science Society of America Journal 47: 196–201. 
Cassman, K.G., De Datta, S.K., Olk, D.C., Alcantara, J.M., Samson, M.I., Descalsota, J.P., Dizon, 
M.A., 1995. Yield decline and the nitrogen economy of long-term experiments on 
continuous, irrigated rice systems in the tropics. In: Lal, R., Stewart, B.A. (eds) Soil 
management: Experimental basis for sustainability and environmental quality. 
Lewis/CRC, Boca Raton, USA, pp 181–222. 
Cassman, K.G., Olk, D.C., Dobermann, A., 1997. Scientific evidence of yield and productivity 
declines in irrigated rice systems of tropical Asia. IRC Newsletter 46: 7-27.  
Cassman, K.G., Peng, S., Olk, D.C., 1998. Opportunities for increased nitrogen-use efficiency 
from improved resource management in irrigated rice systems. Field Crops Reseach 56: 7–
39. 
Cassman, K.G., Pingali, P.L., 1995. Intensification of irrigated rice systems: Learning from the 
past to meet future challenges. Geojournal, 35: 299–305. 
Castellini, M., Niedda, M., Pirastru, M., Ventrella, D., 2014. Temporal changes of soil physical 
quality under two residue management systems. Soil Use and Management 30: 423–434. 
Cerdà, A., 2000. Aggregate stability against water forces under different climates on agriculture 
land and scrubland in southern Bolivia. Soil & Tillage Research 36: 1- 8. 
References  
 182 
Chen, G., Weil, R.R., 2010. Penetration of cover crop roots through compacted soils. Plant Soil 
331: 31–43. 
Chieu, T.T., Phong, T.A., Pho, N.C., Nhan, N.V., Khanh P.Q., 1990. Soil map of the Mekong 
Delta, 1/250.000 scale. National Institute of Agricultural Planning an Projection (NIAP). 
State program 60B, Hanoi, Vietnam. 
Ciollaro, G., Lamaddalena, N., 1998. Effect of tillage on the hydraulic properties of a vertic soil. 
Journal of Agricultural Engineering Research 71: 147–155. 
Cochrane, H.R., Aylmore, L.A.G., 1994. The effects of plant roots on soil structure. In: 
Proceedings of 3rd Triennial Conference ‘‘Soils 94’’: 207–212. 
Cockroft, B., Olssen, K.A., 1997. Case study of soil quality in southeastern Australia: 
Management of structure of roots in duplex soils. In: Gregorich, E.G., Carter, M.R. 1997. 
Soil quality for crop production and ecosystem health. Developments in Soil Science. 
Elsevier, New York 25: 339-350.  
Colmer, T.D., 2003. Aerenchyma and an inducible barrier to radial oxygen loss facilitate root 
aeration in upland, paddy and deep-water rice (Oryza sativa L.). Annals of Botany 91: 
301– 309. 
Conlin, T.S.S., van den Driessche, R., 2000. Response of soil CO2 and O2 concentrations to forest 
soil compaction at the long-term soil productivity sites in central British Columbia. Can. J. 
Soil Sci. 80: 625–632. 
Cornelis, W.M., Khlosi, M., Hartmann, R., Van Meirvenne, M., De Vos, B., 2005. Comparison of 
unimodal analytical expressions for the soil-water retention curve. Soil Science Society 
American Journal 69: 1902-1911.  
Cotching, W.E., Belbin, K.C., 2007. Assessment of the influence of soil structure on soil 
strength/soil wetness relationships on red Ferrosols in north-west Tasmania. Australian 
Journal of Soil Research 45: 147–152. 
Cotching, W.E., Kidd, D.B., 2010. Soil quality evaluation and the interaction with land use and 
soil order in Tasmania, Australia. Agriculture, Ecosystems Environment 137: 358– 366. 
Cotching, W.E., Cooper, J., Sparrow, L.A., McCorkell, B.E., Rowley, W., Hawkins, K., 2002. 
Effect of agricultural management on Vertisols in Tasmania. Australian Journal of Soil 
Research 40: 1267-1286.  
Cottenie, A., Verloo, M., Kiekens, L., Velghe, G., Camerlynck, R., 1982. Chemical analysis of 
plants and soils. Laboratory of Analytical and Agrochemistry. State University Ghent, 
Belgium. 
Dan, N.H., Thoi, N.K., Dung, B.T.N., 2015. Evaluation of paddy land use in the Mekong River 
Delta, J. Sci. & Devel. Vol. 13, No. 8: 1435-1441 (in Vietnamese with English abstract). 
Daniel, I.L., Peter, J.S., 1995. Vegetable seedling root systems: Morphology, Development, and 
Importance. Hortscience 30 (6). 
Das Gupta, S., Mohanty, B.P., Köhne, J.M., 2006. Soil hydraulic conductivities and their spatial 
and temporal variations in a Vertisol. Soil Science Society of America Journal 70: 1872–
1881. 
Dat, T.V., 1999. Increasing the multifunctional nature of paddy rice farming for sustainable 
agriculture in Asia. In Proceedings of Second Group Meeting on Interchange of 
Agricultural Technology Information Between ASEAN Member Countries and Japan 
(AICAF), 16-18 February 1999, Jakarta, Indonesia, pp 17. 
Deb, D.L., 1992. Development of soil and plant analytical methods for micronutrients and sulphur 
in Srilanka. GCPF/SRI/047/NET field document No. 11. 
De Datta, S.K., Barker, R., 1978. Land preparation for rice soils. In: Soils and Rice. International 
Rice Research Institute, Los Banos, Philippines: 317–336. 
De Datta, S.K., Karim, M.S.A.A.A., 1974. Water and nitrogen economy of rainfed rice as affected 
by soil puddling. Soil Science Society of America 38: 515–518. 
de Leenheer, L., de Boodt, M., 1959. Determination of aggregate stability by the change in mean 
weight diameter, Mededelingen van landbouwhogeschool en de opzoekingstations van de 
staat te Gent 24: 290–300. 
De Neve, S., Hofman, G., 2000. Influence of soil compaction on carbon and nitrogen 
mineralization of soil organic matter and crop residues. Biol. Fertil. Soils 30: 544–549. 
References  
 183 
Defossez, P., Richard, G., 2002. Models of soil compaction due to traffic and their evaluation. Soil 
& Tillage Research 67: 41–64.  
Devevre, O.C., Horwath, W.R., 2001. Stabilization of fertilizer Nitrogen-15 into humic substances 
in aerobic vs. waterlogged soil following straw incorporation. Soil Science Society of 
America Journal 65: 499–510. 
Dexter A.R., Czyz, E.A., 2007. Applications of S-theory in the study of soil physical degradation 
and its consequences. Land Degradation & Development 18: 369–381. 
Dexter, A.R., 2004a. Soil physical quality - Part I: Theory, effects of soil texture, density, and 
organic matter, and effects on root growth. Geoderma 120: 201–214.  
Dexter, A.R., 2004b. Soil physical quality - Part II: Friability, tillage, tilth and hard-setting. 
Geoderma 120: 215–225.  
Dexter, A.R., 2004c. Soil physical quality - Part III: Unsaturated hydraulic conductivity and 
general conclusions about S-theory. Geoderma 120: 227–239. 
Dexter, A.R., 1999. Soil mechanics relation to tillage implements and root penetration in low land 
soils. In: Soil physics and rice. Int. Los Banos, Philippines: 261-275. 
Diana, G., Beni, C., Marconi, S., 2008. Organic and mineral fertilization: Effects on physical 
characteristics and boron dynamic in an agricultural soil. Communications in Soil Science 
and Plant Analysis 39: 1332-1351. 
Dirksen, C., 1999. Soil physics measurements. Catena Verlag GMBH. Reiskirchen, Germany. 
GeoEcology paperback: 18-20. 
Dobermann, A., Fairhurst, T., 2000. Nutrient disorders and nutrient management. International 
Rice Research Institute, Potash & Phosphate Institute and Potash & Phosphate Institute of 
Canada, Macaty City, Philippines. 
Dobermann, A., Pampolino, M.F., Neue, H.U., 1995. Spatial and temporal variability of 
transplanted rice at the field scale. Agronomy Journal 87: 712-720.  
Dobermann, A., Simbahan, G.C., Moya, P.F., Adviento, M.A.A., Tiongco, M., Witt, C., Dawe, D., 
2004. Methodology for socioeconomic and agronomic on-farm research in the RTDP 
project. In: Doberman, A., Witt, C., Dawe, D. (eds) Increasing productivity of intensive 
rice systems through site-specific nutrient management. Science Publishers/International 
Rice Research Institute, Enfield/Los Banos: 11–27. 
Dobermann, A., Witt, C., 2000. The potential impact of crop intensification on carbon and 
nitrogen cycling in intensive rice systems. In: Kirk, G.J.D., Olk, D.C. (Eds). Carbon and 
nitrogen dynamics in flooded soils, International Rice Research Institute, Los Baños, 
Philippines. 
Dobermann, A., Witt, C., Abdulrachman, S., Gines, H.C., Nagarajan, R., Son, T.T., Tan, P.S., 
Wang, G.H., Chien, N.V., Thoa, V.T.K., Phung, C.V., Stalin, P., Muthukrishnan, P., Ravi, 
V., Babu, M., Simbahan, G.C., Adviento, M.A.A., Dawe, D., Satawathananont, S., 
Chatuporn, S., Sookthngsa, J., Sun, Q., 2002. Site-specific nutrient management for 
intensive rice cropping systems in Asia. Field Crops Res., 74, 37–66. 
Don, A., Rodenbeck, C., Gleixner, G., 2013. Unexpected control of soil carbon turnover by soil 
carbon concentration. Environmental Chemistry Letters 11: 407–413. 
Drewry, J.J., 2006. Natural recovery of soil physical properties from treading damage of pastoral 
soils in New Zealand and Australia: a review. Agriculture, Ecosystems and Environment 
114: 159–169. 
Dung, T.V., 2012. Influence of crop rotation on the composition of the microbial community 
colonizing rice straw residues in paddy rice soil in the Mekong river delta of Vietnam. 
PhD Thesis. Faculty of Bioscience Engineering, K.U. Leuven, Belgium. 
Dung, T.V., Diep, C.N., Vien, D.M., Guong, V.T., Dominguez, P., Merckx, R., Springael, D., 
2010. Diversity of the Actinomycetes community colonizing rice straw residues in 
cultured soil undergoing various crop rotation systems in Mekong Delta of Vietnam. 
Journal of Environmental and Rural Development 1: 104-114. 
Duong, L.T., Can, N.D., Phan, T.T., 2005. Current status of integrated crop-animal systems 
(ICAS) in Vietnam: a case study in the Mekong Delta. In: Sombilla, M.A., Hardy, B., eds. 
Integrated crop-animal systems in Southeast Asia: Current status and prospects. IRRI 
Limited Proceedings No.11. Los Banos, Philippines: 46-62. 
References  
 184 
Dwivedi, B.S., Shukla, A.K., Singh, V.K., Yadav, R.L., 2001. Results of participatory diagnosis of 
constraints and opportunities (PDCO) based trials from the state of Uttar Pradesh. In: 
Subba Rao, A., Srivastava, S. (Eds), Development of farmers’ resource-based integrated 
plant nutrient supply systems: Experience of a FAO–ICAR–IFFCO Collaborative Project 
and AICRP on Soil Test Crop Response Correlation. IISS, Bhopal, India: 50–75.  
Ekwue, E.I., 1990. Organic-matter effects on soil strength properties. Soil & Tillage Research 16: 
289–297. 
Ellies Sch, A., Smith, R.R., Jose Dorner, F.J., Proschle, T.A., 2000. Effect of moisture and transit 
frequency on stress distribution on different soils. Agro Sur. 28: 60–68.  
Elliot, E.T., 1986. Aggregate structure and carbon, nitrogen and phosphorous in native and 
cultivated soils. Soil Science Society of American Journal 50: 627-633. 
Elrick DE, Reynolds WD, Tan KA. 1989. Hydraulic conductivity measurements in the unsaturated 
zone using improved well analyses. Ground Water Monit. Rev. 9: 184–193. 
Estelles, D., Jensen, H., Sanches, L., Vechiu, G., 2002. Sustainable development in the Mekong 
Delta. Center for Environmental Studies, University of Aarhus, Denmark. 
Fageria, N.K., Rabelo, N.A., 1987. Tolerance of rice cultivars to iron toxicity. Journal of Plant 
Nutrition, 10(6): 653-661. 
Fageria, N.K., Baligar, V.C., 1999. Growth and nutrient concentrations of common bean, lowland 
rice, corn, soybean, and wheat at different soil pH on an Inceptisol. Journal of Plant 
Nutrition volume 22, issue 9: 1495–1507. 
Fairhurst, T.H., Dobermann, A., Quijano-Guerta, C., Balasubramanian. V., 2007. Mineral 
deficiencies and toxicities. In ‘Rice: A practical guide to nutrient management’. (Eds 
Fairhurst, T.H.,  Witt, C., Buresh, R., Dobermann, A.) pp. 46-85. (International Rice 
Research Institute, Los Baños, Philippines and International Plant Nutrition Institute and 
International Potash Institute: Singapore).  
Fan, M.S., Jiang, R.F., Zhang, F.S., Lu, S.H., Liu, X.J., 2008. Nutrient management strategy of 
paddy rice-upland crop rotation system. Chinese Journal of Applied Ecology, vol. 19, no. 
2: 424–432. 
FAO, 2004. Global climate changes and rice food security. (available at http:// 
www.fao.org/climatechange/media/15526/0/0/). 
FAOSTAT online database. January 2013. 
FAOSTAT., 2012. (available at: www.faostat.fao.org/). 
Farooq, M., Siddique, K.H.M., Rehman, H., Aziz, T., Wahid A., Lee, D., 2011. Rice direct 
seeding experiences and challenges. Soil & Tillage Research 111: 87–98. 
Filizadeh, Y., Rezazadeh, A., Younessi, Z., 2007. Effects of crop rotation and tillage depth on 
weed competition and yield of rice in the paddy fields of Northern Iran. Journal of 
Agricultural Science and Technology Vol. 9: 99-105. 
Flowers, M., Lal, R., 1998. Axle load and tillage effect on soil physical properties and soybean 
grain yield on a mollic ochraqualf in northwest Ohio. Soil & Tillage Research 48: 21–35. 
Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D., Haywood, J., Lean, J., 
Lowe, D., Myhre, G., Nganga, J., Prinn, R., Raga, G., Schulz, M., and VanDorland, R., 
2007. Chapter 2: Changes in atmospheric constituents and in radiative forcing, in: IPCC 
Fourth Assessment Report WG 1, edited by: Solomon, S., Qin, D., Manning, M., Chen, Z., 
Marquis, M., Averyt, K.B., Tignor, M., and Miller, H.L., Cambridge University Press, 
Cambridge, 129-234. 
Fuentes, M., Govaerts, B., De León, F., Hidalgo, C., Sayre, K.D., Etchevers, J., Dendooven, L., 
2009. Fourteen years of applying zero and conventional tillage, crop rotation and residue 
management systems and its effect on physical and chemical soil quality. European 
Journal of Agronomy 30: 228-237. 
Gantzer, C.J., Blake, G.R., 1978. Physical characteristics of Le Sueur clay loam soil following no-
till and conventional tillage. Agron. J. 70: 853–857. 
García-Orenes, F., Cerdà, A., Mataix-Solera, J., Guerrero, C., Bodí, M.B., Arcenegui, V., Zornoza, 
R., Sempere, J.G., 2009. Effects of agricultural management on surface soil properties and 
soil-water losses in eastern Spain. Soil & Tillage Research 106: 117-123. 
References  
 185 
Garg, K.K., Das, B.S., Safeeq, M., Bhadoria, P.B.S., 2009. Measurement and modelling of soil 
water regime in a lowland paddy field showing preferential transport. Agric. Water 
Manage., 96: 1705-1714.  
Gathala, M.K., Ladha, J.K., Saharawat, Y.S., Kumar, V., Kumar, V., Sharma, P.K., 2011. Effect of 
tillage and crop establishment methods on physical properties of a medium-textured soil 
under a seven-year rice-wheat rotation. Soil Science Society of America Journal 75(5): 
1851–1862. 
Gay, S.H., Louwagie, G., Sammeth, F., Ratinger, T., Maréchal, B., Prosperi, P., Rusco, E., Terres, 
J., van der Velde, M., Baldock, D., Bowyer, C., Cooper, T., Fenn, I., Hagemann, N., 
Prager, K., Heyn, N., Schuler, J., 2009. Final Report on the project ‘Sustainable 
agriculture and soil conservation’. EUR 23820 EN, 150pp. Office for official publications 
of the European Communities, Luxembourg. 
Gee, G.W., Bauder, J.W., 1986. Particle size analysis. In: Klute, A. (Ed.). Methods of soil analysis. 
Part 2, 2
nd
 Edition. Agronomy Monograph 9. ASA and SSSA, Madison, WI.: 383-411. 
Geethalakshmi, V., Ramesh, T., Palamuthirsolai, A., Lakshmanan, 2011. Agronomic evaluation of 
rice cultivation systems for water and grain productivity. Arch. Agron. Soil Sci. 57: 159–
166. 
General Statistics Office, 2012. Statistical Yearbook 2012. Statistical Publishing House, Ha Noi, 
Vietnam. 
George, T., Magbanua, R., Garrity, D.P., Tuban, B.S., Quiton, J., 2002. Rapid yield loss of rice 
cropped successively in aerobic soil. Agronomy Journal 94: 981-989. 
Ghidey, F., Alberts, E.E., 1997. Plant root effects on soil erodibility, splash detachment, soil 
strength, and aggregate stability. Trans. ASAE 40: 129–135. 
Gillman, G.P., 1979. A proposed method or the measurement of exchange properties of highly 
weathered soils. Australian Journal of Soil Research 17: 129-139. 
Glin´ski, J., Lipiec, J., 1990. Soil Physical Conditions and Plant Roots. CRC Press, Boca Raton, 
FL, USA. 250 pp. 
Godsey, C.B., Pierzynski, G.M., Mengel, D.B., Lamond, R.E., 2007. Changes in soil pH, organic 
carbon, and extractable aluminum from crop rotation and tillage. Soil Science Society of 
America Journal 71: 1038-1044. 
Golam, R., Gopal, B.T., 2006. Financial and economic suitability of agroforestry as an alternative 
to shifting cultivation: The case of the Chittagong Hill Tracts, Bangladesh. Agricultural 
Systems 91: 29–50. 
Gomez, K.A., Gomez, A.A., 1984. Statistical Procedures for Agricultural Research. John Wiley 
and Sons. New York, USA. 
Greenland, D.J., 1985. Physical aspects of soil management for rice based cropping systems. In: 
Soil Physics and Rice. International Rice Research Institute, Los Banos, Philippines: 1–16. 
Grossman, R.B., Reinsch, T.G., 2002. Bulk density and linear extensibility. In: Methods of soil 
analysis: Part 4: Physical methods (ed. Dane, J.H. and Topp, G.C.). Soil Science Society 
of America Book Series. Madison, Wisconsin, USA: 201-228. 
Grunewald, W., Parizot, B., Inzé, D., Gheysen, G., Beeckman, T., 2007. Developmental biology of 
roots: One common pathway for all angiosperms? International Journal of Plant 
Developmental Biology, 1 (2): 212-225. 
Guerif, J., 1994. Effects of compaction on soil strength parameters. In: Soane, B.D., van 
Ouwerkerk, C. (Eds.), Soil compaction in crop production. Elsevier, Amsterdam, 
Netherlands: 191– 214. 
Guo, L.B., Gifford, R.M., 2002. Soil carbon stocks and land use change: A meta analysis. Global 
Change Biol. 8: 345–360.  
Guong, V.T., Dong, N.M., Khoi, C.M., 2010a. Soil organic matter quality and nitrogen supplying 
capacity in continuously triple rice and rice – upland crop rotation systems. Journal of 
Science - Volume 16b: 147-154. Can Tho University, Vietnam–ISSN 1859-2333 (in 
Vietnamese with English abstract). 
Guong, V.T., Linh, T.B., 2008. Sustainable nutrient management in intensive rice cropping in the 
Mekong Delta. Selected research papers, Agronomy Department, Ministry of Agriculture 
and Rural Development, Vietnam (in Vietnamese). 
References  
 186 
Guong, V.T., Nguyen, H.D., Linh, T.B., Merckx, R., Olk, D.C., 2010. Aerobic decomposition and 
organic amendment effects on grain yield of triple cropped rice in the Mekong Delta, 
Vietnam. 19
th
 World Congress of Soil Science, Soil Solutions for a Changing World 1–6 
August 2010, Brisbane, Australia. 
Guong, V.T., Vien, D.M., Nguyen, H.D., Dong, N.M., 2010b. Improvement of soil fertility and 
rice yield of triple paddy soil inside dikes in Mekong Delta. Can Tho University 
Publishing House (in Vietnamese). 
Hallett, P., Balana, B., Towers, W., Moxey, A., Chamen, T., 2012. Studies to inform policy 
development with respect to soil degradation. Sub project A: Cost curve for mitigation of 
soil compaction. Defra project SP1305. 
Hamza, M.A., Anderson, W.K., 2005. Soil compaction in cropping systems. A review of the 
nature, causes and possible solutions. Soil & Tillage Research 82: 121-145. 
Hamza, M.A., Anderson, W.K., 2002. Improving soil fertility and crop yield on a clay soil in 
Western Australia. Aust. J. Agric. Res. 53: 615–620.  
Hamza, M.A., Anderson, W.K., 2003. Responses of soil properties and grain yields to deep 
ripping and gypsum application in a compacted loamy sand soil contrasted with a sandy 
clay loam soil in Western Australia. Aust. J. Agric. Res. 54: 273–282. 
Hati, K.M., Swarup, A., Singh, D., Misra, A.K., Ghosh, P.K., 2006. Long-term continuous 
cropping, fertilisation, and manuring effects on physical properties and organic carbon 
content of a sandy loam soil. Australian Journal of Soil Research 44: 487–495. 
Haynes, R.J., 2000. Interactions between soil organic matter status, cropping history, method of 
quantification and sample pretreatment and their effects on measured aggregate stability. 
Biol. Fertil. Soils 30: 270–275. 
Hazelton, P., Murphy, B., 2007. Interpreting soil test results: what do all the numbers mean? 2
nd
 
ed. Csiro Publishing, Melbourne, Australia. 
Hien, B.H., 2001. Rice based cropping systems in the Red River Delta and the Mekong Delta in 
Vietnam. IFA Regional Conference for Asia and The Pacific. 
Hill, J.E., Bayer, D.E., Bocchi, S., Clampett, W.S., 1991. Direct seeded rice in the 
temperateclimates of Australia, Italy, and the United States. In: Direct seeded flooded rice 
in the tropics. International Rice Research Institute, Manila, Philippines. 
Hillel, D., 1971. Soil and water: physical principles and processes. Academia Press, New York and 
London.  
Hillel, D. J. 1991. Out of the Earth: Civilization and the Life of the Soil. New York: The Free 
Press. 
Hillel, D., 1998. Environmental soil physics. Academic Press, New York. 
Hillel, D., 2004. Introduction to soil physics. Elsevier Academic Press, San Diego. 
Hobbs, P.R., Sayre, K., Gupta, R., 2008. The role of conservation agriculture in sustainable 
agriculture. Philosophical Transactions of The Royal Society B. 363: 543-555. 
Horn, R., 2002. Stress strain effects in structured unsaturated soils on coupled mechanical and 
hydraulic processes. In: Vulliet, L., Laloui, L., Schrefler, B. (Eds.), Environmental 
Geomechanics, Monte Veritá, EPFL Press.: 59-68. 
Horn, R., Fleige, H., 2003. A method for assessing the impact of load on mechanical stability and 
on physical properties of soils. Soil & Tillage Research 73: 89-99. 
Horn, R., Fleige, H., Richter, F.H., Czyz, E.A., Dexter, A., Diaz-Pereira, Dumitru, E., Enarche, R., 
Mayol, F., Rajkai, K., De la Rosa, D., Simota, C., 2005. SIDASS project Part 5: Prediction 
of mechanical strength of arable soils and its effects on physical properties at various map 
scales. Soil & Tillage Research 82: 47-56. 
Horn, R., Rostek, J., 2000. Subsoil compaction processes—state of knowledge. In: Horn, R., van 
den Akker, J.J.H., Arvidsson, J. (Eds.), Subsoil compaction-distribution, processes and 
consequences. Adv. Geoecol., vol. 32. Catena, Reiskirchen, Germany: 44– 54. 
Horn, R., Smucker, A.J.M., 2005. Structure formation and its consequences for gas and water 
transport in unsaturated arable and forest soils. Soil & Tillage Research 82:5-14. 
Hu, W., Shao, M., Wang, Q., Fan, J., Horton, R., 2009. Temporal changes of soil hydraulic 
properties under different land uses. Geoderma 149: 355-366. 
References  
 187 
Hung, N.N., 2009. The natural properties and processes that alter soil fertility of soils in the 
Mekong Delta. Agriculture publishing house, Hanoi, Vietnam (in Vietnamese). 
Hung, N.N., Ve, N.B., Roland, J. Buresh, Mark, B., Takeshi, W., 2005. Sustainability of paddy 
soil fertility in Vietnam (p. 354-356). In Toriyama, K., Heong, K.L., Hardy, B., editors. 
Rice is life: scientific perspectives for the 21
st
 century. Proceedings of the world rice 
research conference held in Tokyo and Tsukuba, Japan, 4-7 November 2004. Los Baños 
(Philippines): International Rice Research Institute, and Tsukuba (Japan): Japan 
International Research Center for Agricultural Sciences. 590 p. 
Hussain, I., Olson, K.R., Wander, M.M., Karlen, D.L., 1999. Adaptation of soil quality indices and 
application to three tillage systems in southern Illinois. Soil & Tillage Research 50: 237–
249. 
IBM Corp., 2011. IPM SPSS Statistics for Windows, version 20.0. Armonk, NY. 
Imeson, A.C., Kwaad, F.J.P.M., 1990. The response of tilled soils to wetting by rainfall and the 
dynamic character of soil erodibility. In: Soil erosion on agricultural land (ed. Boardman, 
J., Foster, I.D.L., Dearing, J.A.). John Wiley and sons. 
Inge, H., Jerzy, L., 2000. A review of the usefulness of relative bulk density values in studies of 
soil structure and compaction. Soil & Tillage Research 53: 71-85. 
IRRI, 1985. Wetland soils: characterization, classification and utilization. International Rice 
Research Institute, Manila, Philippines. 
IRRI, 1997. Rice almanac. Second Edition. International Rice Research Iinstitute, Los Baños, 
Philippines. 
IRRI, 2006. Bringing hope, improving lives: Strategic Plan 2007–2015. International Rice 
Research Institute, Manila (Philippines) 61 p.  
IRRI, 2007. Rice: A practical guide to nutrient management’. (Eds Fairhurst, T.H., Witt, C., 
Buresh, R., Dobermann, A.). International Rice Research Institute, Los Baños, Philippines 
and International Plant Nutrition Institute and International Potash Institute: Singapore. 
IUSS Working Group WRB. 2015. World Reference Base for Soil Resources 2014, update 2015. 
International soil classification system for naming soils and creating legends for soil maps. 
World Soil Resources Reports No. 106. FAO, Rome. 
Ishaq, M., Hassan, A., Saeed, M., Ibrahim, M., Lal, R., 2001a. Subsoil compaction effects on 
crops in Punjab Pakistan. I. Soil physical properties and crop yield. Soil & Tillage 
Research 59: 57–65. 
Ishaq, M., Ibrahim, M., Hassan, A., Saeed, M., Lal, R., 2001b. Subsoil compaction effects on crop 
in Punjab, Pakistan: II. Root growth and nutrient uptake of wheat and sorghum. Soil & 
Tillage Research 60: 153-161. 
Ishaq, M.I., Lal, R., 2002. Tillage effects on soil properties at different levels of fertilizer 
application in Punjab, Pakistan. Soil & Tillage Research 68: 93-99. 
Islam, M.S., Karim, A.S.M.S., Hossain, M.S., Masud, M.M., 2005. Tillage and mulch effects on 
some soil physical properties and yield of wheat in shallow red brown terrace soils of 
Bangladesh. Sarhad J. Agric. 21 (4): 655-665. 
Issaka, R.N., Senayah, J.K., Adjei, E.O., Oppong, J., 2004. Soil resources of Saboba - Chereponi 
district: An assessment for agricultural production. West African journal of applied 
ecology vol. 5. 
Jackson, M.B., Armstrong, W., 1999. Formation of aerenchyma and the processes of plant 
ventilation in relation to soil flooding and submergence. Plant Biol. 1: 274–287. 
Janssen, M., Lennartz, B., 2007. Horizontal and vertical water and solute fluxes in paddy rice 
fields. Soil & Tillage Research 94 (1): 133-141. 
Jaquie, M., Michael, O., Shu, F., 2012. Root development of rice under flooded and aerobic 
conditions. Proceedings of 16
th
 Australian Agronomy Conference. Australian Society of 
Agronomy. 
Jill M. Motschenbacher, Kristofor R. Brye, Merle M. Anders, 2011. Long-term rice-based 
cropping system effects on near-surface soil compaction. Agricultural Sciences Vol.2, 
No.2: 117-124. 
Jones, R.J.A., Spoor, G., Thomasson, A.J., 2003. Vulnerability of subsoils in Europe to 
compaction: a preliminary analysis. Soil & Tillage Research 73: 131-143. 
References  
 188 
Juliano, B.O., 1993. Rice in human nutrition.  FAO, Rome, pp 162.  
Kader, M.A., 2012. Nitrogen mineralization in subtropical paddy soils in relation to soil 
properties, organic matter fractions, and fertilizer management. Ph.D. thesis, Faculty of 
Bioscience Engineering, Ghent University, Ghent, Belgium, 213 pp. 
Kader, M.A., Sleutel, S., Begum, S.A., Moslehuddin, A.Z.M., De Neve, S., 2013. Nitrogen 
mineralization in sub-tropical paddy soils in relation to soil mineralogy, management, soil 
type and C, N and Fe contents, Eur. J. Soil Sci., 64: 47–57. 
Kanema, C., 2009. Production potential of wetland soils of the Kafue Flats in Zambia. Thesis, 
Faculty of Agriculture, Rheinische Friedrich-Wilhelms-Universität zu Bonn. 
Kaneta, Y., Kodama, T., Naganoma, H., 1989. Characteristics of the rice plant’s nitrogen-uptake 
patterns in rotational paddy fields: Effect of paddy-upland rotation management on the 
productivity of rice in Hachirogata reclaimed fields (Part I). Japanese Journal of Soil 
Science and Plant Nutrition 60: 127-133. 
Karlen, D.L., Andrews, S.S., Wienhold, B.J., Zobeck, T.M., 2008. Soil quality assessment: Past, 
present, and future. Journal of Integrated Biosciences 6: 3-14. 
Karlen, D.L., Andrews, S.S., Doran, J.W., 2001. Soil quality: Current concepts and applications. 
Advances in Agronomy 74: 1-40.  
Keller, T., Arvidsson, J., Schjønning, P., Lamandé, M., Stettler, M., Weisskopf, B., 2012. In situ 
subsoil stress-strain behavior in relation to soil precompression stress. Soil Science 177: 
490-497. 
Kemper, W.D., Koch, E.J., 1966. Aggregate stability of soils from western USA and Canada. 
USDA Technical Bulletin No.1355. US Government Printing Office, Washington, DC. 
52pp. 
Keyan, Z., Chih-Wei, T., Georgia, C.E., Mark, H.W., Liakat, M.A., Adam, H.P., Gareth, J.N., 
Rafiqul, M.I., Andy, R., Jason, M., Anna, M.M., Carlos, D.B., Susan, R.M., 2011. 
Genome-wide association mapping reveals a rich genetic architecture of complex traits in 
Oryza sativa. Nature communications 2: 1-10. 
Khiem, N.T., Khai, T.T., 2008. Technology change in rice production and rice farmer income in 
Vietnam Mekong Delta lowland. Proceeding of The Forum on "Rice Policy Research: Key 
Issues from National Perspectives" Workshop. International Rice Research Institute. 18-19 
Feb 2008. Los Banos, the Philippines. 
Khan, M.S., 1996. Effect of alternate tillage practices and crop production under rice-wheat 
cropping sequence of Bangladesh-a thesis. Soil Physics Laboratory, Department of soil 
Science, Univ. of Dhaka: 12-26. 
Khan, M.S., Khan, T.H., Islam, A., Ullah, M.S., Shaha, R.R., 1998. Effect of alternate tillage 
practices on rooting characteristics of wheat under rice-wheat cropping sequence. Ann. 
Bangladesh Agric 7: 111-118. 
Khoa, L.V., 2002. Physical fertility of typical Mekong Delta soils (Vietnam) and land suitability 
assessment for alternative crops with rice cultivation. PhD Thesis. Faculty of Agricultural 
and Applied Biological Sciences, Ghent University, Belgium. 
Khurshid, K., Iqbal, M., Arif, M.S., Nawaz. A., 2006. Effect of tillage and mulch on soil physical 
properties and growth of maize. Int. J. Agric. Biol. 8: 593–596.  
Kirkegaard, J.A., Troedson, R.J., So, H.B., Kushwaha, B.L., 1992. The effect of compaction on the 
growth of pigeonpea on clay soils. II. Mechanisms of crop response and season effects on 
an oxisol in a humid coastal environment. Soil & Tillage Research 24: 129–147. 
Kocyigit, R., Demirci, S., 2012. Long-term changes of aggregate-associated and labile soil organic 
and nitrogen after conversion from forest to grassland and cropland in northern Turkey. 
Land Degradation & Development 23: 475- 482. 
Kögel-Knaber, I., Amelung, W., Cao, Z., Fiedler, S., Frenzel, P., Jahn, R., Kalbitz, K., Kölbl, A., 
Schloter, M., 2010. Biogeochemistry of paddy soils: Review. Geoderma 157: 1–14. 
Kondo, M.K., Dias Junior, M.S., 1999. Soil compressibility of three latosols as a function of 
moisture and use. Revista Brasileira de Ciencia do Solo 23: 211–218. 
Kostiakov, A.N., 1932. On the dynamics of the coefficient of water percolation in soils and the 
necessity for studying it from a dynamic point of view for purpose of amelioration. Trans. 
Int. Congr. Soil Sci.  6
th
 Moscow A: 17-21.  
References  
 189 
Kropff, M.J., Van Laar, H.H., Matthews, R.B., 1994. ORYZA1: an ecophysiological model for 
irrigated lowland rice production. SARP Research Proceedings. DLO-CAB and WAU-
TPE, Wageningen, and International Rice Research Institute, Los Banos, Philippines. 
Kukal, S.S., Aggarwal, G.C., 2002. Percolation losses of water in relationship to puddling intensity 
and depth in a sandy loam rice (Oryza sativa) field. Agric. Water Manage 57: 49–59.  
Kumar, D., Bansal, M.L., Phogat, V.K., 2009. Compactability in relation to texture and organic 
matter content on alluvial soils. Indian Journal of Agricultural Research, 43 (3): 180-186. 
Kumar, K.A., Reddy, N.V., Sadasiva Rao, K., 2005. Profitable and energy efficient rice-based 
cropping systems in northern Telangana of Andhra Pradesh. Indian J. Agron. 50: 6–9. 
Kundu, D.K., Ladha, J.K., Lapitan-de-Guzman. E., 1996. Tillage depth influence on soil nitrogen 
distribution and availability in a rice lowland. Soil Science Society of America Journal 60: 
1153-1159. 
Kyuma, K., 1985. Fundamental characteristics of wetland soils. Proc. of wetland soils workshop, 
IRRI: 191–206. 
Kyuma, K., 2004. Paddy soil science. Kyoto (Japan): Kyoto University Press. 280 p. 
Kyuma, K., 2005. Paddy soils around the world. In Toriyama, K., Heong, K.L., Hardy, B., editors. 
Rice is life: scientific perspectives for the 21
st
 century. Proceedings of the World rice 
research conference held in Tokyo and Tsukuba, Japan, 4-7 November 2004. Los Baños 
(Philippines): International Rice Research Institute, and Tsukuba (Japan): Japan 
International Research Center for Agricultural Sciences: 352-354. 
Laker, M.C., 2001. Soil compaction: effects and amelioration. Proceedings of the 75
th
 Annual 
Congress of the South African Sugar Technologists’ Association, Durban, South Africa, 
31 July 3 August 2001: 125–128. 
Lal, R., 1974. No-tillage effects on soil properties and maize (Zea mays L.) production in Western 
Nigeria. Plant and Soil 40: 321-331. 
Lal, R., 1985. Tillage in lowland rice-based cropping systems. In: Soil Physics and Rice. 
International Rice Research Institute, Los Banos, Philippines: 283–307. 
Lal, R., 1997. Degradation and resilience of soils. Philos. Trans. R. Soc. Lond. B 352: 997–1010. 
Lal, R., Hobbs, P., Uphoff N., Hansen D.O., 2004. Sustainable agriculture and the International 
Rice-Wheat System. Marcel Dekker, N. Y. 532 pp. 
Lal, R., Reicosky, D.C., Hanson, J.D., 2007. Evolution of the plow over 10,000 years and the 
rationale for no till farming. Soil & Tillage Research 93:1-12. 
Lal, R., Shukla, M.K., 2004. Principles of soil physics. Marcel Dekker Inc., New York, USA. 
Lal, R., Stewart, B.A., 1990. Advances in soil science, soil degradation. New York: Springer 
Verlag, 349 p. 
Lal, R., Van Doren, D.M.J., 1990. Influence of 25 years of continuous corn production by three 
tillage methods on water infiltration for two soils in Ohio. Soil & Tillage Research 16(1): 
71‐84. 
Lassaletta, L.,  Billen, G., Grizetti, B., Anglade, J., Garnier, J., 2014. 50 year trends in nitrogen use 
efficiency of world cropping systems: the relationship between yield and nitrogen input to 
cropland. Environmental Research Letters 9 (10). 
Le Bissonnais, Y., 1996. Soil characteristics and aggregate stability. In Agassi M (Ed.). Soil 
erosion, conservation and rehabilitation. Marcel Dekker, Inc. New York: 41-60. 
Lee, S.B., Lee, C.H., Jung, K.Y., Do Park, K., Lee, D., Kim, P.J., 2009. Changes of soil organic 
carbon and its fractions in relation to soil physical properties in a long-term fertilized 
paddy. Soil &Tillage Research 104: 227–232. 
Lennartz, B., Horn, R., Duttmann, R., Gerke, H.H., Tippkötter, R., Eickhorst, T., Janssen, I., 
Janssen, M., Rüth, B., Sander, T., Shi, X., Sumfleth, K., Taubner, H., Zhang, B., 2009. 
Ecological safe management of terraced rice paddy landscapes. Soil & Tillage 
Research 102 (2): 179-192.  
Lima, A.C.R., Hoogmoed, W., Pauletto, E.A., Pinto, L.F.S., 2009. Management systems in 
irrigated rice affect physical and chemical soil properties, Soil & Tillage Research 103: 
92–97. 
Lima, A.C.R., Pauletto, E.A., Libardi, P.L., Silva, A.G., Pinto, L.F.S., 2002. Hydraulic 
characterization of a lowland soil under long-term management systems. In: Pagliai, M., 
References  
 190 
Jones, R. (Eds.), Sustainable Land Management-Environmental Protection. A Soil 
Physical Approach. Advances in GeoEcology. A Cooperation Series of the International 
Union of Soil Science (IUSS), Germany: 247–257. 
Lin, L., Zhang, Z.-B., Janssen, M., Lennartz, B., 2014. Infiltration properties of paddy fields under 
intermittent irrigation. Paddy and Water Environment 12 (1): 17-24. 
Lipiec, J., Ha°kansson, I., Tarkiewicz, S., Kossowski, J., 1991. Soil physical properties and growth 
of spring barley as related to the degree of compactness of two soils. Soil & Tillage 
Research 19: 307– 317. 
Lipiec, J., Hatano, R., 2003. Quantification of compaction effects on soil physical properties and 
crop growth. Geoderma 116: 107-136. 
Liu, C.W., Chen, S.K., Jou. S.W., Ku, S.F., 2001. Estimation of the infiltration rate of a paddy 
field in Yun-Lin, Taiwan. Agricultural Systems 68: 41-54. 
Liu, C.W., Yu, W.S., Chen, W.T., Chen, S.K., 2005. Laboratory investigations of plough sole 
reformation in a simulated paddy field. J Irrig Drain Eng, 131: 466–473. 
Logsdon, S.D., Jaynes, D.B., 1996. Spatial variability of hydraulic conductivity in a cultivated 
field at different times. Soil Science Society of America Journal 60: 703–709. 
Logsdon, S.D., Jordahl, J., Karlen, D.L., 1993. Tillage and crop effects on ponded and tension 
infiltration rates. Soil & Tillage Research 28: 179–189. 
Lowery, B., Morrison, J.E., 2002. ‘Soil Penetrometers and Penetrability’. In: Methods of Soil 
Analysis: Part 4: Physical Methods. Soil Science Society of America Book Series, Dane, 
J.H., Topp, G.C. (eds). Soil Science Society of America Inc.; Madison, Wisconsin, USA: 
363-388. 
Lua, H., 1987. The history of exploitation and agricultural development in Southern part of 
Vietnam. Publishing house of Ho Chi Minh City (in Vietnamese). 
Maclean, J.L., Dawe, D.C., Hardy, B., Hettel, G.P., 2002. Rice Almanac, 3rd ed. CABI 
Publishing, Wallingford, Oxon. 
Mahapatra, I.C., Behera, U.K., 2011. Rice (Oryza sativa)-based farming systems for livelihood 
improvement of Indian farmers. Indian J. Agron. 56: 1–19.  
Mahboubi, A.A., Lal, R., Fausey, N.R., 1993. Twenty-eight years of tillage effect on two soils in 
Ohio. Soil Science Society of America Journal 57: 506-512. 
Mambani, B., De Datta, S.K., Redulla, C.A., 1990. Soil physical behavior and crop response to 
tillage in lowland rice soils of varying clay content. Plant and Soil, 126: 227–235. 
Mandal, K.G., Kannan, K., Thakur, A.K., Kundu, D.K., Brahmanand, P.S., Kumar, A., 2014. 
Performance of rice systems, irrigation and organic carbon storage. Cereal Research 
Communications 42(2): 346–358. 
Mapa, R.B., Green, R.E., Santo, L., 1986. Temporal variability of soil hydraulic properties with 
wetting and drying subsequent to tillage. Soil Science Society of America Journal 50: 
1133–1138. 
Mason, E.G., Cullen, A.W.J., Rijkse, W.C., 1988. Growth of two Pinus radiata stock types on 
ripped and ripped/bedded plots at Karioi forest. N. Zeal. J. Forestry Sci. 18: 287–296. 
McGarry, D., Bridge, B.J., Radford, B.J., 2000. Contrasting soil physical properties after zero and 
traditional tillage of an alluvial soil in the semi-arid subtropics. Soil & Tillage Research 
53: 105-115. 
McGarry, D., 2001. Tillage and soil compaction. In: Garcia-Torres, L., Benites, J., Martinez-
Vilela, A. (Eds.), First World Congress on Conservation Agriculture, 1–5 October 2001, 
Madrid, Spain, Natural Resource Sciences: 281–291. 
McQueen, D.J., Shepherd, T.G., 2002. Physical changes and compaction sensitivity of a fine-
textured, poorly drained soil (Typic Endoaquept) under varying durations of cropping 
Manawatu Region, New Zealand. Soil & Tillage Research 63: 93–107. 
Medvedev, V.V., Cybulko, W.G., 1995. Soil criteria for assessing the maximum permissible 
ground pressure of agricultural vehicles on Chernozem soils. Soil & Tillage Research 36: 
153–164. 
Messing, I., Jarvis, N.J., 1993. Temporal variation in the hydraulic conductivity of a tilled clay soil 
as measured by tension infiltrometers. Journal of Soil Science 44(1): 11-24. 
References  
 191 
Miransari, M., Bahrami, HA., Rejali, F., Malakouti, M.J., 2009. Effects of soil compaction and 
arbuscular mycorrhiza on corn (Zea mays L.) nutrient uptake. Soil & Tillage Research 
103(2): 282-290. 
Mohanty M, Painuli D.K., Misra A.K., Ghosh P.K., 2007. Soil quality effects of tillage and residue 
under rice-wheat cropping on a Vertisol in India. Soil & Tillage Research 92 (1-2): 243-
250. 
Mohanty, M., Painuli, D.K., 2004. Land preparatory tillage effect on soil physical environment 
and growth and yield of rice in a Vertisol. Journal of the Indian Society of Soil Science, 
51, no. 3: 223–228. 
Mohanty, M., Painuli, D.K., Mandal, K.G., 2004. Effect of pudlling intensity on temporal 
variation in soil physical condition and yield of rice (Oryza sativa L.) in a Vertisol of 
Central India. Soil & Tillage Research 76: 83-94. 
Moody, K., 1993. Weed control in wet-seeded rice. Exp. Agron., 29: 393-403. 
Moore, J.M., Klose, S., Tabatabai, M.A., 2000. Soil microbial biomass carbon and nitrogen as 
affected by cropping systems. Biology and Fertility of Soils 31: 200–210. 
Moormann, F.R., Van Breemen, N., 1978. Rice: Soil, water, land. International Rice Research 
Institute, Los Banos, Phillipines.  
Moret, D., Arrúe, J.L., 2007. Dynamics of soil hydraulic properties during fallow as affected by 
tillage. Soil & Tillage Research 96: 103–113. 
Mosaddeghi, M.R., Hajabbasi, M.A., Hemmat, A., Afyuni, M., 2000. Soil compactibility as 
affected by soil moisture content and farmyard manure in central Iran. Soil & Tillage 
Research 55: 87–97. 
Motschenbacher, J.M., Brye, K.R., Anders, M.M., 2011. Longterm rice-based cropping system 
effects on near-surface soil compaction. Agricultural Sciences, vol. 2, no.2: 117–124. 
Mousavi, S.F., Yousefi-Moghadam, S., Mostafazadeh-Fard, B., Hemmat, A., Yazdani, M.R., 
2009. Effect of puddling intensity on physical properties of a silty clay soil under 
laboratory and field conditions. Paddy and Water Environment 7(1): 45–54. 
National Food Security Mission, 2000. Guidelines for use of micronutrients, soil ameliorants and 
integrated nutrient management practices in NFSM States. Department of Agriculture and 
Cooperation. Ministry of Agriculture, India. 
National Institute for Soils and Fertilizers and Department of Science Technology and Product 
Quality Vietnam, 2002. The basic information of main soil units of Vietnam. Thegioi 
publishers, Hanoi: 60-63. 
Neue, H.U., Heidmann, P.B., Scharpenseel, H.W., 1990. Organic matter dynamics, soil properties, 
and cultural practices in rice lands and their relationship to methane production. In: 
Bouwman, A.F. (Ed.), Soils and the Greenhouse Effect. John Wiley and Sons, New York: 
457–466. 
Neue, H.U., Scharpenseel, H.W., 1984. Gaseous products of the decomposition of organic matter 
in submerged soils. In: Organic matter and rice. International Rice Research Institute, Los 
Baños, Philippines: 311-328. 
Nguyen, H.D., 2010. Present mono rice crop systems of fluvial soil inside dikes at Cho Moi 
district – An Giang province. MSc thesis. Can Tho University, Vietnam (in Vietnamese). 
Nguyen, H.D., Guong, V.T., 2010. Present mono rice crop systems of fluvial soil inside dikes at 
Cho Moi district – An Giang province. Agriculture Publishing House (in Vietnamese). 
Nhan, D.K., De, N.N, Thanh, D.N., 2002. Socio-economic and environmental impacts of intensive 
rice culture and opportunities for sustainable rice production in the Mekong Delta, Viet 
Nam, presented in a workshop on trade liberation and socio-economic and environmental 
impacts of rice production, HUA and UNDP, 8-9 November 2002, Hue city, Vietnam. 
Ni, D.V., 1995. A firm layer and its effects on rice land preparation techniques in the Mekong 
delta, Vietnam. Farming Systems Research and Development Institute, Can Tho 
University, Vietnam (in Vietnamese). 
Ni, D.V., and Hanhart, K., 1992. Water management on Acid sulphate soils at Hoa An, Can Tho, 
Vietnam. 
References  
 192 
Nie, J., Zheng, S.X., Liao, Y.L., Xie, J., Wu, X.D., Xiang, Y.W., 2010. Physical properties of 
paddy soils with different productivity in double-rice cropping region of Hunan Province. 
Ying Yong Sheng Tai Xue Bao 21 (11): 2777-2784 (in Chinese with English abstract).  
Nielsen, D.R., Biggar, J.W., Erh, K.T., 1973. Spatial variability of field-measured soil-water 
properties. Hilgardia 42 (7): 215-259. 
Norman, R.J., Wilson, C.F.J., Slaton, N.A., 2003. Soil fertilization and mineral nutrition in U.S. 
mechanized rice culture. In: Smith, C.W., Dilday, R.H., Eds., Rice: Origin, History, 
Technology, and Production, John Wiley & Sons, Inc., New Jersey: 331-411. 
Norton, G.J., Pinson, S.R.M., Alexander, J., Mckay, S., Hansen, H., 2012. Variation in grain 
arsenic assessed in a diverse panel of rice (Oryza sativa) grown in multiple sites. New 
Phyt 193: 650–664. 
Ohu, J.O., Ekwue, E.I., Folorunso, O.A., 1994. The effect of addition of organic matter on the 
compaction of a vertisol from northern Nigeria. Soil Technol. 7: 155–162. 
Olk D.C., Anders, M.M. Filley, T.R., Isbell, C., 2009a. Crop nitrogen uptake and soil phenols 
accumulation under continuous rice cropping in Arkansas.  Soil Science Society of 
America Journal 73: 952-960.  
Olk, D.C., Brunetti, G., Senesi, N., 2000. Decrease in humifi cation of organic matter with 
intensified lowland rice cropping: A wet chemical and spectroscopic investigation. Soil 
Science Society of America Journal 64: 1337−1347. 
Olk, D.C., Cassman, K.G., Randall, E.W., Kinchesh, P., Sanger, L.J., Anderson, J.M., 1996. 
Changes in chemical properties of soil organic matter with intensified rice cropping in 
tropical lowland soils. European Journal of Soil Science 47: 293–303. 
Olk, D.C., Gaunt, J.L., Neue, H.U., Cassman, K.G., Arah, J.R.M., Witt, C., Ottow, J.C.G., Grant, 
I.F., 1995. Microbial biomass and organic matter turnover in wetland rice soils. Biology 
and Fertility of Soils 19: 333-342. 
Olk, D.C., Jimenez, R.R., Moscoso, E., Gapas, P., 2009b. Phenol accumulation in a young humic 
fraction following anaerobic decomposition of rice crop residues. Soil Science Society of 
America Journal 73: 943-951. 
Olk, D.C., Samson, M.I., Gapas, P., 2007. Inhibition of nitrogen mineralization in young humic 
fractions by anaerobic decomposition of rice crop residues. European Journal of Soil 
science 58: 270-281. 
Olness, A., Clapp, C.E., Liu, R., Palazzo, A.J., 1998. Biosolids and their effects on soil properties. 
In: Handbook of soil conditioners (eds Wallace, A., Terry, R.E.), pp. 141–165. Marcel 
Dekker, New York, NY.  
Ozgoz, E., Gunal, H., Acir, N., Gokmen, F., Birol, M., Budak, M., 2013. Soil quality and spatial 
variability assessment of land use effects in a Typic Haplustoll. Land Degradation & 
Development 24: 277–286. 
Pagliai, M., Vignozzi, N., Pellegrini, S., 2004. Soil structure and the effect of management 
practices. Soil & Tillage Research 79: 131-143. 
Pampolino, M.F., Laureles, E.V., Gines, H.C., Buresh, R.J., 2008. Soil carbon and nitrogen 
changes in long-term continuous lowland rice cropping. Soil Science Society of America 
Journal 72: 798–807. 
Panayiotopoulos, K.P., Papadopoulou, C.P., Hatjiioannidou, A., 1994. Compaction and 
penetration resistance of an Alfisol and Entisol and their influence on root growth of 
maize seedlings. Soil & Tillage Research 31: 323–337. 
Pare, N., Andrieux, P., Louchart, X., Biarnes, A., Voltz, M., 2011. Predicting the spatio-temporal 
dynamic of soil surface characteristics after tillage. Soil & Tillage Research 114(2): 135-
145. 
Petersen, C.T., Trautner, A., Hansen, S., 2008. Spatio-temporal variation of anisotropy of saturated 
hydraulic conductivity in a tilled sandy loam soil. Soil & Tillage Research 100 (1–2): 108–
113. 
Peth, S., Horn, R., Fazekas, O., Richards, B.G., 2006. Heavy soil loading and its consequences for 
soil structure, strength and deformation of arable soils. J. Plant Nutr. Soil Sci. 169: 775-
783. 
References  
 193 
Peth, S., Nellesen, J., Fischer, G., Horn, R., 2010. Non-invasive 3D analysis of local soil 
deformation under mechanical and hydraulic stresses by μCT and digital image 
correlation. Soil & Tillage Research 111: 3-18. 
Phong, T.A., 1986. Scientific bases of land use and planning on agricultural soils. Agricultural 
Publishing house (in Vietnamese). 
Phuong, N.M., 2006. Physical soil degradation on representative rice cultivation areas in the 
Mekong Delta, Vietnam. Master thesis. Ghent University, Belgium. 
Pierce, F.J., Rice, C.W., 1988. Crop rotation and its impact on efficiency of water and nitrogen 
use. In: "Cropping strategies for efficient use of water and nitrogen". (Ed.): Hargrove, 
W.L., ASA Special Publication Number 51. ASA- CSSA-SSSA, Madison, WI. USA.: 21- 
42. 
Poesse, G.J., 1992. Soil compaction and new traffic systems. In: Pellizzi, G., Bodria, L., Bosma, 
A.H., Cera, M., Baerdemaeker, J.de, Jahns, G., Knight, A.C., Patterson, D.E., Poesse, G.J., 
Vitlox, O. (Eds.), Possibilities offered by new mechanization systems to reduce 
agricultural production costs. The Netherlands: 79–91. 
Power, J.F., 1990. Legumes and crop rotations. In: Sustainable agriculture in temperate zones 
(Francis, C.A., Butler, C., King, L.D., eds). John Wiley and Sons, NY, USA.: 178-204. 
Prieksat, M.A., Kaspar, T.C., Ankeny, M.D., 1994. Positional and temporal changes in ponded 
infiltration in a corn field. Soil Science Society of America Journal 58: 181–184. 
Prihar, S.S., 1990. Impact of tillage on soil physical environment. In: Abs: Applied soil physics in 
stress environment. pp. 252–66. Jan. 22–26, 1989 at PARC, Islamabad. 
Pulido Moncada, M., Gabriels, D., Lobo, D., Rey, B.J.C., Cornelis, W.M., 2014a. Visual field 
assessment of soil structural quality in tropical soils. Soil & Tillage Research 139: 8-18.  
Pulido Moncada, M., Helwig Penning, L., Timm, L.C., Gabriels, D., Cornelis, W.M., 2014b. 
Visual examinations and soil physical and hydraulic properties for assessing soil structural 
quality of soils with contrasting textures and land uses. Soil & Tillage Research 140: 20-
28. 
Pulleman, M.M., Bouma, J., van Essen, E.A., Meijles, E.W., 2000. Soil organic matter content as a 
function of different land use history. Soil Science Society of America Journal 64: 689-
693. 
Quijano-Guerta, C., Kirk, G.J.D., Portugal, A.M., Bartolome, V.I., McLaren, G.C. 2002. Tolerance 
of rice germplasm to zinc deficiency. Field Crops Research 76: 123–130. 
Raats, P.A.C., 1976. Analytical solutions of a simplified flow equation. Trans. ASAE 19: 683-689. 
Rabbinge, R., 1993. The ecological background of food production. In: Crop protection and 
sustainable agriculture. Wiley, Chichester, pp. 2–29, Ciba Foundation Symposium 177. 
Ramji, P.N., Gopal, B.T., 2001. Impact of agroforestry intervention on soil fertility and farm 
income under the subsistence farming system of the middle hills, Nepal. Agriculture, 
Ecosystems and Environment 84: 157–167. 
Ramos, M.E., Robles, A.B., S´anchez-Navarro, A., Gonz´alez-Rebollar, J.L., 2011. Soil responses 
to different management practices in rainfed orchards in semiarid environments. Soil & 
Tillage Research, vol. 112, no. 1: 85–91. 
Reddy, S.R., Hukkeri, S.B., 1980. Increasing effectiveness of fertilizers through weed control in 
direct seeded irrigated rice. Fertil. News 25: 30–33. 
Reichert, J.M., Suzuki, L.E.A.S., Reinert, D.J., Horn, R., Håkansson, I., 2009. Reference bulk 
density and critical degree of compactness for no-till crop production in subtropical 
highly-weathered soils. Soil & Tillage Research 102: 242–254. 
RETC (RETention Curve). 2008. RETC Model. USDA-ARS U.S. Salinity Laboratory, Riverside, 
CA., In: http://ars.usda.gov/Services/docs.htm?docid=8952. 
Reynolds, W.D., Drury, C.F., Tan, C.S., Fox, C.A., Yang, X.M., 2009. Use of indicators and pore 
volume-function characteristics to quantify soil physical quality. Geoderma 152: 252-263. 
Reynolds, W.D., Bowman, B.T., Drury, C.F., Tan, C.S., Lu, X., 2002. Indicators of good soil 
physical quality: density and storage parameters. Geoderma 110: 131–146. 
Reynolds, W.D., Drury, C.F., Yang, X.M., Fox, C.A., Tan, C.S., Zhang, T.Q., 2007. Land 
management effects on the near-surface physical quality of a clay loam soil. Soil & Tillage 
Research 96: 316–330. 
References  
 194 
Reynolds, W.D., Elrick, D.E., 1990. Ponded infiltration from a single ring: I. Analysis of steady 
flow. Soil Science Society of America Journal 54: 1233-1241. 
Reynolds, W.D., Yang, X.M., Drury, C.F., Zhang, T.Q., Tan, C.S., 2003. Effects of selected 
conditioners and tillage on the physical quality of a clay loam soil. Canadian Journal of 
Soil Science 83: 318–393. 
Robinson, C.A., Cruse, R.M., Ghaffarzadeh, M., 1996. Cropping systems and nitrogen effects on 
Mollisol organic carbon. Soil Science Society of America Journal 60: 264–269. 
Romano, N., Santini, A., 2002. Water retention and storage: Field. In: Dane, J.H., Topp, G.C. 
(Eds.). Methods of Soil Analysis: Part 4: Physical Methods. Soil Science Society of 
America Book Series. Madison, Wisconsin, USA: 721-738. 
Rosolem, C.A., Foloni, J.S.S., Tiritan, C.S., 2002. Root growth and nutrient accumulation in cover 
crops as affected by soil compaction. Soil & Tillage Research 65: 109-115. 
Sacco, D., Cremon, C., Zavattaro, L., Grignani, C., 2012. Seasonal variation of soil physical 
properties under different water managements in irrigated rice. Soil & Tillage Research 
118: 22–31. 
Saffih-Hdadi, K., Défossez, P., Richard, G., Cui, Y.-J., Tang, A.-M., Chaplain, V., 2009. A 
method for predicting soil susceptibility to the compaction of surface layers as a function 
of water content and bulk density. Soil & Tillage Research 105: 96–103. 
Sahrawat, K.L., 2010. Nitrogen mineralization in lowland rice soils: The role of organic matter 
quantity and quality. Archives of Agronomy and Soil Science, 56 (3): 337-353. 
Sahrawat, K.L., 2004. Organic matter accumulation in submerged soils. Adv. Agron., 81: 169–
201. 
Sahrawat, K.L., 2005. Fertility and organic matter in submerged rice soil. Current Science 88: 735-
739. 
Saichuk, J., 2009. Louisiana Rice Production Handbook. Louisiana State University Agricultural 
Center. Retrieved April 13, 2011. 
Sam, L., 1996. Irrigational system of the Mekong Delta. Agricultural publishing house. 
Sanchez, P.A., 1973. Puddling tropical soils. 2. Effect of water losses. Soil Sci. 115: 303–308. 
Sanh, N.V., Xuan, V.T., Phong, T.A., 1998. History and future of farming systems in the Mekong 
Delta. In: Xuan, V.T., Matsui, S. (Eds.), Development of farming systems in the Mekong 
Delta of Vietnam JIRCAS, CTU & CLRRI. Ho Chi Minh Publishing House, Ho Chi 
Minh: 17–80. 
Savithri, P., Perumal, R., Nagarajan, R., 1998. Soil and crop management technologies for 
enhancing rice production under micronutrient constraints. Nutrient cycling in 
agroecosystems. Volume 53 (1): 83-92.  
Schäfer-Landefeld, L., Brandhuber, R., Fenner, S., Koch, H-J., Stockfisch, N., 2004. Effects of 
machinery with high axle load on soil properties of normally managed fields. Soil & 
Tillage Research 75: 75–86. 
Schjønning, P., Lamandé, M., Berisso, F.E., Simojoki, A., Alakukku, L., Andreasen, R.R., 2013. 
Gas diffusion, non-Darcy air permeability, and computed tomography images of a clay 
subsoil affected by compaction. Soil Science Society of America Journal 77: 1977-1990. 
Schjønning, P., van den Akker, J.J.H., Keller, T., Greve, M.H., Lamandé, M., Simojoki, A., 
Stettler, M., Arvidsson, J., Breuning-Madsen, H., 2015. Driver-Pressure-State-Impact-
Response (DPSIR) analysis and risk assessment for soil compaction – a European 
perspective. Advances in Agronomy, volume 133: 183-230. 
Schmidt-Rohr, K., Mao, J.D., Olk, D.C., 2004. Nitrogen-bonded aromatics in soil organic matter 
and their implications for a yield decline in intensive rice cropping. Proceedings of the 
National Academy of Sciences of the United States of America 101: 6351–6354. 
Schneider, F., Steiger, D., Ledermann, T., Fry, P., Rist, S., 2012. No-tillage farming: co-creation 
of innovation through network building. Land Degradation & Development 23: 242- 255. 
Scott, H.D., Mauromoustakos, A., Handayani, I.P., Miller, D.M., 1994. Temporal variability of 
selected properties of Loessial soil as affected by cropping. Soil Science Society of 
America Journal 58: 1531–1538. 
References  
 195 
Senkondo, E.M.M., Msangi, A.S.K., Xavery, P., Lazaro, E.A., Hatibu, N., 2004. Profitability of 
rainwater harvesting for agricultural production in selected semi-arid areas of Tanzania. 
Journal of Applied Irrigation Science, Vol. 39. No 1: 65 – 81. 
Sharma, B. K., 2006. Environmental Chemistry. Goel Publishing House, Meerut. 
Sharma, P.K., De Datta, S.K., 1985a. Effects of puddling on soil physical properties and processes. 
Soil Physics and Rice. International Rice Research Institute, Los Banos, Laguna, 
Philippines: 217-234. 
Sharma, P.K., De Datta, S.K., 1985b. Puddling influence on soil, rice development and yield. Soil 
Science Society of America Journal 49: 1451-57.  
Sharma, P.K., De Datta, S.K., 1986. Physical properties and process of puddled rice soils. 
Advance Soil Science 5: 139-178. 
Sharma, P.K., Pantuwan, G., Ingram, K.T., De Datta, S.K., 1994. Rainfed lowland rice roots: Soil 
and hydrological effects. In Kirk, G.J.D. (Ed.) Rice roots: Nutrient and water use. 
International Rice Research Institute, Manila, Philippines: 67-77. 
Sharma, P.K., Verma, T.S., Bhagat, R.M., 1995. Soil structural improvement with addition of 
lanatan camara biomass in rice– wheat cropping. Soil Use Management 11: 199–203. 
Silva, G.L., Lima, H.V., Campanha, M.M., Gilkes, R.J., Oliveira, T.S., 2011. Soil physical quality 
of Luvisols under agroforestry, natural vegetation and conventional crop management 
systems in the Brazilian semi-arid region. Geoderma 167-168: 61-70. 
Silva, V.R., Reinert, D.J., Reichert, J.M., 2000. Soil strength as affected by combine wheel traffic 
and two soil tillage systems. Ciencia Rural. 30: 795–801. 
Silveira, M.L., Comerford, N.B., Reddy, K.R., Cooper, W.T., El-Rifai, H., 2008. Characterization 
of soil organic carbon pools by acid hydrolysis. Geoderma 144: 405–414. 
Singh, K., Ashish, K.M., Bajrang, S., Rana, P.S., Dharani, D.P., 2014. Tillage effects on crop yield 
and physicochemical properties of sodic soils. Land Degradation & Development. 
DOI: 10.1002/ldr.2266. 
Singh, M.V., Saha, J.K., 1995. 26
th
 progress report of all India coordinated research project of 
micro and secondary nutrients and pollutant elements in soils and plants. IISS, Bhopal. 
145p. 
Singh, B.P., Sainju, U.M., 1998. Soil physical and morphological properties and root growth. Hort. 
Sci. 33: 966–971. 
Singh, G., 2003. Test codes and standards for rice machinery in India. In: Mechanization of Rice 
Production System for Increased Productivity. Ciae, Bhopal, India: 29–46. 
Singh, P.K., Singh, 1996. Effect of reduced tillage on soil properties, root growth and grain yield 
in rice –wheat system. Indian J. Agrl. Res. 30(8): 179-185. 
Singh, P.K.C., Aipe, R., Prasad, S.N., Sharma, S., Singh, P., 1998. Relative effect of zero and 
conventional tillage on growth and yield of wheat and soil fertility under rice-wheat 
cropping system. Indian J. Agron. 443(2): 204-207. 
Six, J., Bossuyt, H., Degryze, S., Denef, K., 2004. A history of research on the link between 
(micro)aggregates, soil biota, and soil organic matter dynamics. Soil & Tillage Research 
79: 7-31. 
Slavich, P.G., Petterson, G.H., 1993. Estimating the electrical conductivity of saturated paste 
extracts from 1:5 soil:water suspensions and texture. Australian Journal of Soil Research 
31: 73–81. 
Smith, J.L., Elliot, L.F., 1990. Tillage and residue management effects on soil organic matter 
dynamics in semiarid regions. Advances in Soil Science 13: 69-88.  
Smith, P., Andren, O., Karlsson, T., Perala, P., Regina, K., Rounsevell, M., Wesemael, B., 2005. 
Carbon sequestration potential in European croplands has been overestimated. Global 
Change Biology 11: 2153-2163. 
Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., McCarl, B., Ogle, S., O’Mara, 
F., Rice, C., Scholes, B., Sirotenko, O., 2007. Agriculture. In: Solomon, S., Qin, D., 
Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M., Miller, H.L. editors. 
Climate Change: Methane emissions from rice production in the United States - A 
Review: The Physical science basis. Contribution of working group I to the fourth 
References  
 196 
assessment report of the intergovernmental panel on climate change. Cambridge 
University Press: 498–540. 
Smith, R.J., 1983. Weeds of major economic importance in rice and yield losses due to weed 
competition. Proceedings of the Conference on Weed Control in Rice. IRRI, Los Banos: 
19–36. 
Soane, B.D., 1990. The role of organic matter in soil compactibility: a review of some practical 
aspects. Soil & Tillage Research 16: 179–201. 
Soane, B.D., Van Ouwerkerk, C., 1994. Soil compaction in crop production, Developments in 
Agricultural Engineering Series, vol. 11. Elsevier Science, Amsterdam, The Netherlands, 
pp. 662. 
Soane, B.D., Van Ouwerkerk, C., 1995. Implications of soil compaction in crop production for the 
quality of the environment. Soil & Tillage Research 35: 5 –22. 
Soil Science Department - Can Tho University, 2015. Soil map in the Mekong Delta. 
Soil Science Society of America, 1996. Glossary of Soil Science Terms. Madison, WI, USA. 
Soil Survey Staff, 2010. Key to Soil Taxonomy. Eleventh Edition. United States Department of 
Agriculture, Natural Resources Conservation Service, Washington DC. 
Somaratne, N.M., Smettem, K.R.J., 1993. Effect of cultivation and raindrop impact on the surface 
hydraulic properties of an Alfsol under wheat. Soil & Tillage Research 26: 115–125. 
Song, C., Xi, Z., Dangying, W., Liping, C., Chunmei, X., Xiufu, Z., 2012. Effect of long-term 
paddy-upland yearly rotations on rice (Oryza sativa ) yield, soil properties and bacteria 
community diversity. The Scientific World Journal Volume 2012, 11p. 
Srinivasarao, C.H., Venkateswarlu, B., Lal, R., Singh, A.K., Kundu, S., Vittal, K.P.R., Patel, J.J., 
Patel, M.M., 2014. Long-term manuring and fertilizer effects on depletion of soil organic 
carbon stocks under pearl millet-cluster bean-castor rotation in western India. Land 
Degradation & Development 25 (2): 173–183. 
Stine, M.A., Weil, R.R., 2002. The relationship between soil quality and crop productivity across 
three tillage systems in south central Honduras. American Journal of Alternative 
Agriculture 17: 1-8. 
Strock, J.S., Cassel, D.K., Gumpertz, M.L., 2001. Spatial variability of water and bromide 
transport through variably saturated soil blocks. Soil Science Society of America Journal 
65: 1607-1617. 
Strosser, E., 2010. Methods for determination of labile soil organic matter: an overview. Journal of 
Agrobiology 27: 49–60.  
Sudduth, K.A., Sun, O.C., Pedro, A.S., Shrinivasa, K.U., 2008. Field comparison of two prototype 
soil strength profile sensors. Comput. Electron. Agric. 61: 20-31. 
Sudhalakshmi, C., Krishnasamy, R., Rajarajan, R., 2007. Influence of zinc deficiency on 
shoot/root dry weight ratio of rice genotypes. Res J Agric Biol Sci. 3: 295–298. 
Sumner, D.R., Boosalis, M.G., 1981. Effects of reduced tillage and multiple cropping on plant 
diseases. Annu. Rev. Phytopathol. 19: 167–187. 
Suzuki L.E.A.S., Reichert J.M., and Reinert D.J., 2013. Degree of compactness, soil physical 
properties and yield of soybean in six soils under no-tillage. Soil Research 51: 311-321.  
Suzuki, L.E.A.S., 2005. Soil compaction influence on soil physical properties and on crop growth 
and yield. MSc dissertation, Santa Maria, Universidade Federal de Santa Maria, 149 pp. 
(in Portuguese with English abstract). 
Swan J.B., Moncrief J.F., Voorhees W.B., 1987. Soil compaction; causes, effects and control. 
University of Minnesota, Agricultural Bulletin No. 3115, St. Paul, USA. 
Swarup, A. 1998. Emerging soil fertility management issues for sustainable crop productivity in 
irrigated systems. In: Proceedings of the National Workshop on Long-term Soil Fertility 
Management through Integrated Plant Nutrient Supply (ed. Swarup, A., Reddy, D.D., 
Prasad, R.N.), pp. 54–68. (Indian Institute of Soil Science: Bhopal).  
Sys, C., 1985. Evaluation of the physical environment for rice cultivation. Soil Physics and Rice. 
International Rice Research Institute, Los Banos, Laguna, Philippines: 31-44. 
References  
 197 
Sys, C., Van Ranst, E., Debaveye, J., Beernaert, F., 1993. Land evaluation - Part III: crop 
requirements. Agricultural publications-No 7, General Administration for Development 
Cooperation, Brussels, Belgium. 
Tabbal, D.F., Bouman, B.A.M., Bhuiyan, S.I., Sibayan, E.B., Sattar, M.A., 2002. On-farm 
strategies for reducing water input in irrigated rice; case studies in the Philippines. Agric. 
Water Manage. 56: 93-112. 
Tan, Z.X., Lal, R., WIebe, K.D., 2005. Global soil nutrient depletion and yield reduction. Journal 
of Sustainable Agriculture 26(1): 123–146. 
Taylor, H.M., 1971. Effect of soil strength on seedling emergence, root growth and crop yield. 
Compaction of Agricultural Soils, American Society of Agricultural Engineering: 292–
305. 
Tesfahunegn, G.B., 2013. Soil quality indicators response to land use and soil management 
systems in Northern Ethiopia’s catchment. Land Degradation & Development. DOI: 
10.1002/ldr.2245. 
Tesfay, A., Cornelis, W.M., Nyssen, J., Govaerts, B., Getnet, F., Bauer, H., Amare, K., Raes, D., 
Haile, M., Deckers, J., 2012. Medium-term effects of conservation agriculture based 
cropping systems for sustainable soil and water management and crop productivity in the 
Ethiopian highlands. Field Crops Research 132: 53–62. 
Thangaraj, M., O'Toole, J.C., De Datta, S.K., 1990. Root response to water stress in rainfed 
lowland rice. Exp. Agric. 26: 287-296. 
Thao, L.B., 1986. Geography of the Mekong delta. Dong Thap publishing house. 
Thao, L.B., 1997. Vietnam: the country and its geographical region. The Gioi publishers. 
Thinh, D.K., 2009. Socio-economic impacts of mutant rice varieties in Southern Vietnam. In: Shu, 
Q.Y. editor. Induced plant mutations in the genomics era. Proceedings of an International 
Joint FAO/IAEA Symposium. Rome: Food and Agriculture Organization of the United 
Nation: 65-70. 
Thomaz, E.L., Luiz, J.C., 2012. Soil loss, soil degradation and rehabilitation in degraded land area 
in Guarapuava (Brazil), Land Degradation & Development 23: 72-81. 
Timsina, J., Connor, D.J., 2001. Productivity and management of rice-wheat cropping systems: 
issues and challenges. Field Crops Research, vol. 69, no. 2: 93–132. 
Tisdall, J.M., Oades, J.M., 1982. Organic matter and water-stable aggregates in soils. Soil Science 
62: 141–163. 
Tokida, T., Adachi, M., Cheng, W.G., Nakajima, Y., Fumoto, T., 2011. Methane and soil 
CO2 production from current-season photosynthates in a rice paddy exposed to elevated 
CO2 concentration and soil temperature. Global Change Biology 17: 3327–3337.  
Tomar, V.S., 1997. Soil physical limitations for rainfed lowland rice. In: Breeding strategies for 
rainfed lowland rice in drought-prone environments (ed. Fukai, S., Copper, M., Salisbury, 
J.). Proceedings No 77. Canberra (Australia). Australian Center for International 
Agricultural Research: 209-221.   
Topp, G.C., Reynolds, W.D., Cook, F.J., Kirby, J.M., Carter, M.R., 1997. Physical attributes of 
soil quality. In ‘Soil quality for crop production and ecosystem health’. (Eds Gregorich, 
E.G., Carter, M.R.) Elsevier Science: Amsterdam, The Netherlands: 21–58.  
Torella, J.L., Ceriani, J.C., Introcaso, R.M., Guecaimburu, J., Wasinger, E., 2001. Tillage, liming 
and sunflowers. Agrochimica 45: 14–23. 
Tormena, C.A., Silva, A.P., Imhoff, S.D., Dexter, A.R., 2008. Quantification of the soil physical 
quality of a tropical Oxisol using the S index. Agricultural Science 65: 56–60. 
Tripathi, R.P., Sharma, P., Singh, S., 2005. Tilth index: an approach to optimize tillage in rice–
wheat system. Soil & Tillage Research 80: 125–137. 
Tuong, T.P., Bouman, B.A.M., Mortimer, M., 2005. More rice, less water - Integrated approaches 
for increasing water productivity in irrigated rice-based systems in Asia. Plant Prod. Sci., 
8: 231-241.  
Turmuktini, T., Kantikowati, E., Natalie B., 2012. Restoring the health of paddy soil by using 
straw compost and biofertilizersto increase fertilizer efficiency and rice production with 
Sobari (system of organic based aerobic rice intensification) technology. Asian Journal of 
Agriculture and Rural Development, vol.2, no. 4: 519–526. 
References  
 198 
UNEP., 2005. Integrated assessment of the impact of trade liberalization a country study on 
the Viet Nam rice sector. 
Usowicz, B., Tarkiewicz, S., Lipiec, J., 1995. Compaction effects on soil thermal properties. Proc. 
Intern. Symp. ‘‘Soil Tillage—Present and Future’’ 22– 23 June 1995, Cluj–Napoca, 
Romania, vol. II: 312–321. 
Van den Akker, J.J.H., 2004. SOCOMO: a soil compaction model to calculate soil stresses and the 
subsoil carrying capacity. Soil & Tillage Research 79: 113-127. 
Van den Akker, J.J.H., Soane, B., 2005. Compaction. Chapter in: Hillel. D. (Ed. in Chief) 
Encyclopedia of Soils in the Environment: 285-293. 
Van den Akker, J.J.H., Stuiver, H.J., 1989. A sensitive method to measure and visualize 
deformation and compaction of the subsoil with a photographed point grid. Soil & Tillage 
Research 14: 209– 214.  
van Es, H.M., Ogden, C.B., Hill, R.L., Schindelbeck, R.R., Tsegaye, T., 1999. Integrated 
assessment of space, time, and management related variability of soil hydraulic properties. 
Soil Science Society of America Journal 63: 1599–1608. 
Van Genuchten, M.T., 1980. A closed-form equation for predicting the hydraulic conductivity of 
unsaturated soils. Soil Science Society of America Journal 44: 892-898.  
Van Ouwerkerk, C., Soane, B.D., 1994. Conclusions and recommendations for further research on 
soil compaction in crop production. In: Soane, B.D., Van Ouwerkerk, C. (Eds.), Soil 
compaction in crop production. Dev. Agric. Eng., vol. 11. Elsevier, Amsterdam: 627–642.  
Ve, N.B., Anh, V.T., 1990. Soil Map of the Mekong Delta 1:250,000 scale based on USDA 
system. Can Tho University and 60B Project. 
Venezia, G., Puglia, S. del, Cascio, B., 1995. Effects of different methods of cultivation of an 
Andisol on soil bulk density and on root system development in bread wheat (Triticum 
aestivum L.). Rivista di Agronomia 29: 507–513. 
Verma, A.K., Dewangan, M.L., 2006. Efficiency and energy use in puddling of lowland rice 
grown on vertisols in central India. Soil & Tillage Research 90: 100–107. 
Vomocil, J.A., 1965. Porosity. In Black, C.A. (Ed.) Methods of Soil Analysis, Part 1. Agron. 
Monogr. 9. American Society of Agronomy, Madison, WI.: 300-314. 
Walkley, A., Black, I.A., 1934. An examination of Degtjareff method for determining soil organic 
matter and a proposed modification of the chromic acid titration method. Soil Science 37: 
29-37. 
Wall, P.C., 2006. Facilitating the widespread adoption of conservation agriculture and other 
resource conserving technologies (RCT’s): some difficult issues. Science week Extended 
Abstracts. CIMMYT Headquarters, El Batán, México, 23–27 January 2006: 61–64. 
Wang, Z.F., Gao, M., Qin, J.C., Ci, E., 2003. Effect of long-term “paddy-upland” rotation on soil 
fertility of paddy fields. Journal of Southwest Agricultural University: Natural Science, 
vol. 25, no. 6: 514–517. 
Watanabe, T., Man, L.H., Vien, D.M., Khang, V.T., Ha, N.T., Linh, T.B., Ito, O., 2009. Effects of 
continuous rice straw compost application on rice yield and soil properties in the Mekong 
Delta. Soil Sci. and Plant Nutr., 55: 754-763.  
Whitmore, A.P., Whalley, R.W., Bird, N.R.A., Watts, C.W., Gregory, A.S., 2010. Estimating soil 
strength in the rooting zone of wheat. Plant and Soil, 339: 363-375. 
Wickramasinghe, W.M.A.D.B., 2011. Influence of plough layer depth on growth and yield of rice. 
Rice Research and Development Institute, Batalagoda, Ibbagamuwa, Sri Lanka: 1-10. 
Witt, C., Cassman, K.G., Olk, D.C., 2000. Crop rotation and residue management effects on 
carbon sequestration, nitrogen cycling and productivity of irrigated rice systems. Plant and 
Soil, 225, no. 1-2: 263–278. 
Xu, X.Y., McGrath, S.P., Meharg, A., Zhao, F.J., 2008. Growing rice aerobically markedly 
decreases arsenic accumulation. Environmental Science & Technology 42: 5574–5579. 
Xu, Y., Chen, W., Shen, Q., 2007. Soil organic carbon and nitrogen pools impacted by long-term 
tillage and fertilization practices. Communications in Soil Science and Plant Analysis 38: 
347-357. 
References  
 199 
Xuan, D.T., Guong, V.T., Rosling, A., Alstrom, S., Chai, B., Hogberg, N., 2012. Different crop 
rotation systems as drivers of change in soil bacterial community structure and yield of 
rice, Oryza sativa. Biology and Fertility of Soils 48(2): 217-225. 
Xuan, V.T., Matsui, S., 1998. Development of farming systems in the Mekong Delta of Vietnam. 
Vietnam Asia Pacific Economic Center and Ho Chi Minh City publishing house. 
Yang, J., Huang, D., Duan, H., Tan, G., Zhang, J., 2009. Alternate wetting and moderate soil 
drying increases grain yield and reduces cadmium accumulation in rice grains. Journal of 
the Science of Food and Agriculture. Volume 89 (10): 1728–1736. 
Youngs, E.G., Leeds-Harrison, P.B., Elrick, D.E., 1995. The hydraulic conductivity of low 
permeability wet soils used as landfill lining and capping material: analysis of pressure 
infiltrometer measurements. Journal of Soil Technology 8: 153-160. 
Zhang, H., Xue, Y., Wang, Z., Yang, J., Zhang, J., 2009. Alternate wetting and moderate soil 
drying improves root and shoot growth in rice. Crop Science 49: 2246–2260. 
Zhang, M., He, Z., 2004. Long-term changes in organic carbon and nutrients of an Ultisol under 
rice cropping in southeast China. Geoderma 118:167–179. 
Zhang, Z.B., Peng, X., Wang, L.L., Zhao, Q.G., Lin, H., 2013. Temporal changes in shrinkage 
behavior of two paddy soils under alternative flooding and drying cycles and its 
consequence on percolation. Geoderma 192 (1): 12-20.  
Zhangliu, D., Shufu, L., Kejiang, L., Tusheng, R., 2009. Soil organic carbon and physical quality 
as influenced by long-term application of residue and mineral fertilizer in the North China 
Plain. Australian Journal of Soil Research 47: 585-591. 
Zhao, X., Wu, P., Gao, X., Persaud, N., 2013. Soil quality indicators in relation to land use and 
topography in a small catchment on the loess plateau of China. Land Degradation & 
Development. DOI: 10.1002/ldr.2199. 
Zhao, Y., De Maio, M., Vidotto, F., Sacco, D., 2015. Influence of wet-dry cycles on the temporal 
infiltration dynamic in temperate rice paddies. Soil & Tillage Research 154: 14-21. 
Zhou, W., Lv, T.F., Chen, Y., Westby, A.P., Ren, W.J., 2014. Soil physicochemical and biological 
properties of paddy-upland rotation: a review. Sci. World J. 2014. DOI: 
10.1155/2014/856352.  
Zink, A., Fleige, H., Horn, R., 2011. Verification of harmful subsoil compaction in loess soils. Soil 
& Tillage Research 114: 127-134. 
 
 
 
 
 
 
 
 
 
 
 
 
  200 
1 
Appendices  
 201 
Appendices 
A. Individual soil horizon description and soil profile picture 
 Date of soil profile description: 23/7/2003. 
 Authors: Tran Ba Linh and Le Van Khoa 
 
Ap: 0 – 20 cm 
Distinguished by root distribution 
Very dark grayish brown (10YR 3/2) moist, gray (10YR 5/1) dry; clay; many 
yellowish brown (10YR 5/6) spots; massive; slightly sticky and plastic; ripe; few 
open, tubular, biopores (0.5 – 1.0 mm); many brown fresh fine roots; 10-15% half 
decomposed organic matter, few spots of dark decomposed organic matter mixed in 
the soil matrix; clear, boundary to:  
 
AB: 20 – 55 cm 
Recognised by soil matrix colour and soil mottling pattern 
Black (5Y 2.5/1) moist, gray (2.5Y 5/1) dry; clay; 5-10 % brownish orange (2.5YR 
3/6) and brown (7.5YR 4/4) distinct, clear fine mottles distributed mainly in soil 
matrix; massive; sticky and plastic; rip; clear, boundary to: 
 
Bg1: 55 – 75 cm 
Distinguished by soil matrix color and soil structure 
Gray (2.5Y 5/1) moist, light gray (2.5Y 7/1) dry; clay; 15-20 % strong brown 
(7.5YR 5/6) distinct, clear fine mottles distributed mainly in soil matrix; weak, 
coarse subangular blocky; sticky and plastic; ripe; gradual, boundary to:   
 
Bg2: 75 – 130 cm 
Justified by soil structure and mottling pattern 
Gray (2.5Y 6/1) moist, light gray (5Y 7/1) dry; clay; 10-15 % reddish yellow 
(7.5YR 6/8), distinct, clear fine mottles irregularly mixed in 2-4 % dark yellowish 
brown (10YR 3/4) faint, disffuse mottles distributed mainly in soil matrix and on 
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the surface of peds; weak, coarse prismatic; slightly sticky and plastic; nearly ripe; 
gradual, boundary to:  
 
Cg: > 130 cm 
Recognised by soil matrix color and soil material 
Reddish gray (5YR 5/2) moist, light browish gray (10YR 6/2) dry; sandy loam; 
structureless; sticky and non- plastic; half ripe; common, soft, strong brown (7.5YR 
3/4), fine angular, manganese nodules in soil matrix. 
 
 
Soil profile picture in study location 
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B. Interview sheets 
B.1 History and present cropping system at Cai Lay district - Tien Giang 
province Mekong Delta-Vietnam 
1. Sheet number……………………..Date of interview:…………………… 
2. Location: Community:………………………..Village..………………….. 
3.      Farmer information: 
Full name:…………………………………………….Age:……………… 
Address: .............................................  ...................................................... 
Time of settlement and cultivate: ........  ...................................................... 
Name of cropping system:…………………………………………………. 
Field area: ...................... ha, in which: 
        Rice:………………ha.    Upland crop rotation with rice: .............. ha 
4. General history of study location 
4.1 What was land use before the field was turned to agriculture 
production:....……......................................................................................... 
 4.2 For agriculture purpose from year:………………………………………… 
 4.3 Crop season schedule: Draw crop season schedule within year: 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
            
 
4.4  Field status: compaction, declining soil fertility, lack of water in dry 
season. 
Other: …………………………………………………………………………... 
5. Soil preparation methods 
By machinery plow:……………from year :……………..to year………… 
By small handle tractor:….……….from year :……………..to year……… 
Types:………………………………………………………………………… 
Soil moisture when using machine (dry, moist, wet):…………………………. 
Depth of tillage (cm from soil surface):……………………………………… 
Time, season, how many times/year?............................................................ 
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 Preparation of raised bed for upland crops (how to do, which equipment, 
depth in cm from soil surface)? 
..............................................................................................................................
..................................................................................................................... 
6. Crop variety and seed amount for planting practice: 
Rice 1:………………...….Reason why chosen……………………………… 
Rice 2:………………...….Reason why chosen……………………………… 
Rice 3:………………...….Reason why chosen……………………………… 
Upland crop 1:……………Reason why chosen…………………………...... 
Upland crop 2:……………Reason why chosen…………………………...... 
Upland crop 3:……………Reason why chosen…………………………...... 
7. Fertilizers for field: Total amount/crop: 
Type Crop 1 Crop 2 Crop 3 
    
    
    
    
    
    
 
Method of fertilizer application……………………………………………… 
Dose of fertilizer in present and past: different or not? If different, why? 
………………………………………………………………………………. 
8. Plant protection: insecticide and pesticide 
Type Crop 1 Crop 2 Crop 3 
    
    
    
    
 
Other types (if any):…………………………………………………………… 
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9. Crop residue management: 
Rice:…………………………………………………………………………. 
Upland crop……………………………………………………………… 
 
10. Capital input for all of activities during the crop cycle 
No Activities Crop 1 Crop 2 Crop 3 
1 Seeds    
2 Soil preparation    
3 Fertilizers    
4 Pesticides    
5 Labor                   
6 Irrigation    
7 Harvest    
8 Other (if any)    
9 Total input    
10 Total income    
11 Total profit    
 
11. Hydrology status 
11.1 Flooding time 
Start:………………………………….End:………………………………… 
Flooding depth (cm):……………………………………………………….. 
Cause of flooding:………………………………………………………….. 
11.2 Irrigation capacity 
Nature or pump:……….…………………………………………………… 
Enough irrigation water for whole year:………………………………….. 
If not, which season?  ....... ………………………………………………… 
How to improve?.................................................................................... 
11.3 Rainy season 
Start:............................... End…………………………………………….. 
Time (month) of highest rain amount:…………………………………… 
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Comment about the effect of climate on crop season, crop yield: 
………...........................………............................................................ 
 
12. Selling farm produces:  
…………………………………………………………………………………
………………………………………………………………………………… 
 
13. Main limit factors effected to agriculture cultivation 
No Limit factors Crop 1 Crop 2 Crop 3  Detail 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
Soil 
Water  
Crop 
Weather 
Insect and diseases 
Variety 
Lack of labor 
Price/sell 
Cultivation method 
Source of capital 
Costs of production 
Profit 
Lack of capital 
Other 
    
 
14. Plan to solve main limiting factors: 
Soil:..................................................................................................................... 
Water:.................................................................................................................. 
Change cropping system present:................................................................... 
Others:................................................................................................................. 
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15. Comment on soil production: 
…………………………………………………………………………......................
............................................................................................................................. .........
...................................................................................................................................... 
16. Plan for soil management in the future: 
………………………………………………………………………………………
………………………………………………………………………………………
…………………………………………………………………………………….... 
 
B.2 Rice yield evolution (within recent past 5 year) 
Name of farmer:........................................................................................................... 
Address:..................................................................................................................... ..   
Name of cropping system:.......................................................................................... 
Field area (m
2
):............................................................................................................. 
 
Rice yield 
(ton per area) 
First  
year 
Second 
 year 
Third  
year 
Fourth  
year 
Fifth  
year 
Crop1:…………..      
Crop 2:………….      
Crop 3:………….      
 
         Comment about the yield and reason why yield changed 
Year  1:............................................................................................................... 
Year  2:............................................................................................................... 
Year  3:............................................................................................................... 
Year  4:............................................................................................................... 
Year 5:.................................................................................................................
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Curriculum Vitae 
 
1. Personal information 
- First name: LINH 
- Family name: TRAN BA 
- Place of birth: Dong Thap-Vietnam 
- Date of birth: 13th February 1976 
- Nationality: Vietnamese 
- Email: tblinh@ctu.ed.vn, linh.tranba@ugent.be 
 
2. Education 
- 1994-1999: BSc. in Agronomy, Can Tho University, Vietnam. 
- 2002-2004: MSc. in Physical Land Resources, Ghent University, 
Belgium. 
 
3. Work experience 
- From April 1999 to August 2002: Researcher of Department of Soil 
Science, College of Agriculture and Applied Biology, Can Tho 
University, Vietnam. 
- From September 2002 to September 2004: Master student in 
Physical Land Resources, option: Management at Ghent University, 
Belgium. 
- From October 2004 to now: Lecturer and researcher of Department 
of Soil Science, College of Agriculture and Applied Biology, Can 
Tho University, Vietnam. 
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4. Research activity 
4.1 Journal Articles 
International Journals with Peer Review 
Linh, T.B., Sleutel, S., Guong, V.T., Khoa, L.V., Cornelis, W.M., 2015. 
Deeper tillage and root growth in annual rice-upland cropping systems result 
in improved rice yield and economic profit relative to rice monoculture. Soil 
& Tillage Research 154: 44-52. 
Linh TB, Sleutel S, Elsacker SV, Guong VT, Khoa LV, Cornelis WM. 2015. 
Inclusion of upland crops in rice-based rotations affects chemical properties 
of clay soil. Soil Use and Management 31: 313-320.  
Linh, T.B., Khoa, L.V., Van Elsacker, S., Cornelis, W., 2016. Effect of 
cropping system on physical properties of clay soil under intensive rice 
cultivation. Land Degradation and Development 27: 973-982. 
Linh, T.B., Cornelis, W., Sara, V.E., Khoa, L.V., 2013. Socio-economic 
evaluation on how crop rotations on clayed soils affect rice yield and farmers' 
income in the Mekong Delta, Vietnam. International Journal of 
Environmental and Rural Development 4-2: 62-68. 
Takeshi Watanabe, Luu H. Man, Duong M. Vien, Vu T. Khang, Nguyen N. 
Ha, Tran B. Linh, Osamu Ito, 2009. Effects of continuous rice straw compost 
application on rice yield and soil properties in the Mekong Delta. Soil 
Science & Plant Nutrition Volume 55, Issue 6: 754-763. 
Do Thi Thanh Ren, Tran Kim Tinh, Nguyen Thi Ngoc Minh, Tran Ba Linh, 
2004. Applying mixed manure and inorganic phosphorus fertilizer to 
improve rice yield on acid sulphate soil (Hydraquentic Sulfaquept). 
Australian Journal of Soil Research 42: 693-698. 
 
National Journals (in Vietnamese) 
Curriculum Vitae 
 211 
Võ Thị Gương, Trần Bá Linh, 2002. Effect of CropMaster fertilizer on rice 
yield in alluvial and acid sulphate soil in the Mekong Delta. Vietnam Soil 
Science Journal – Volume 16/2002 – ISSN 0868-3743. Vietnam Society of 
Soil Science. 
Trần Bá Linh, Võ Thị Gương, Hồ Văn Hoàng, 2002. Effect of Agrostim 
fertilizer on rice yield in alluvial and acid sulphate soil in the Mekong Delta. 
Journal of Science Volume 3/2002. Can Tho University, Vietnam. 
Trần Bá Linh, Lê Văn Khoa, 2006. Quantitative land evaluation for alternative 
crops with rice cultivation: Case study in Long Khanh Village – Tien Giang 
province. Vietnam Soil Science Journal – Special issue 2006 – ISSN 0868-
3743. Vietnam Society of Soil Science. 
Võ Thị Gương, Trần Bá Linh, 2008. Sustainable nutrient management in 
intensive rice cropping in the Mekong Delta. Selected Research Papers, 
Agronomy Department, Ministry of Agriculture and Rural Development, 
Vietnam.  
Trần Bá Linh, Nguyễn Minh Phượng, Võ Thị Gương, 2008. The effect of 
organic fertilizer in improving soil bulk density and aggregate stability in the 
Mekong Delta. Journal of Science - Volume 10/2008 – ISSN 1859-2333. Can 
Tho University, Vietnam. 
Trần Bá Linh, Nguyễn Mỹ Hoa, Võ Thị Gương, Huỳnh Thanh Ghi, 2009. 
Physical properties of peat soils at Vồ Dơi national reserve – U Minh Hạ - Cà 
Mau. Vietnam Soil Science Journal – Issue 31/2009. ISSN 0868-3743. 
Vietnam Society of Soil Science. 
Nguyễn Mỹ Hoa, Trần Bá Linh, Võ Thị Gương, Huỳnh Thanh Ghi, 2009. Soil 
and water characteristics of peat swamp forest underlain by acis sulphate soil 
at Vồ Dơi national reserve, U Minh Hạ national park in the Mekong delta, 
Vietnam. Vietnam Soil Science Journal – Issue31/2009. ISSN 0868-3743. 
Vietnam Society of Soil Science. 
Curriculum Vitae 
 212 
Võ Thị Gương, Trần Bá Linh, Châu Thị Anh Thy, 2010. Improvement of soil 
fertility and rice yield in topsoil removal field in Chau Thanh district, Tra 
Vinh province. Journal of Science - Volume 16b/2010 – ISSN 1859-2333. 
Can Tho University, Vietnam. 
Lê Văn Khoa, Trần Bá Linh, 2011. Possibility of cultivation of two rices and 
one cash crop in the rainfed area  at Long Phu district – Soc Trang province. 
Journal of Science - Volume 18b/2011 – ISSN 1859-2333. Can Tho 
University, Vietnam. 
 
4.2 Conference Contribution 
International conference: oral presentation 
2013: “Socio-economic evaluation on how crop rotations on clayey soils 
affect rice yield and farmers’ income in the Mekong Delta, Vietnam” 
presented at the 4
th
 International Conference of Environmental and Rural 
Development, Siem Reap, Cambodia 19-20 January 2013.   
 
2014: “Temporal variability of soil physical properties under different land 
use types of clay soil in the Mekong Delta, Vietnam” presented at the 20th 
World Congress of Soil Science, Jeju, Korea, 8-13 June 2014. 
 
International conference: poster presentation 
2010: “Aerobic decomposition and organic amendment effects on grain 
yield of triple-cropped rice in the Mekong Delta, Vietnam” presented at the 
19
th
 World Congress of Soil Science, Brisbane, Australia, 1-6 August 2010. 
 
2010: “Effect of crop rotation on soil quality and rice yield of silty clay soil 
in Mekong Delta, Vietnam” presented at the 3rd International Rice 
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2014: “Prospects of crop rotation for improving soil quality and rice yield 
in the Mekong Delta, Vietnam” presented at the 20th World Congress of 
Soil Science, Jeju, Korea, 8-13 June 2014. 
 
2015: “Rice and soil relation under different rice based cropping systems in 
the Mekong Delta, Vietnam” presented at DesertLand II: Conference on 
Desertification and Land Degradation, Ghent, 16-17 June 2015. 
 
2016: “Rice production in relation to soil quality under different rice-based 
cropping systems” presented at European Geosciences Union General 
Assembly, Vienna, Austria 17-22 April 2016ie 
| Austria | 17–22 April 2016 
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